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Abstract 

A  simulated  lunar  soil  of  comminuted  Iholeiitic  basalt  powder 
wiifa  particles  less  ihan  60  microns  in  size  was  tested  in  one  dimen¬ 
sional  compression  to  determine  the  effect  of  'Qie  initial  void  ratio 
and  the  zunbient  pressure  on  the  compressibility  of  the  soil.  The  in¬ 
itial  void  ratio  ranged  from  1.12  to  2.00  and  the  an;bient  pressure 

—8 

was  restricted  to  three  levels;  atmospheric  pressure,  10  Torr, 
and  10“^®  Torr.  The  compression  tests  were  performed  in  a  va¬ 
cuum  chamber  to  allow  control  of  tiie  ambient  pressure.  The  results 
of  the  tests  indicate  that  the  compressibility  of  the  powders  increased 
as  the  initial  void  ratio  increased.  Also  &e  powders  tended  to  be¬ 
come  less  compressible  as  the  ambient  pressure  decreased.  No 
change  was  noted  between  air  and  10  Torr;  but  tiie  coefficient  of 
voliime  compressibility  between  air  and  lOT^^Torr  decreased  16% 
for  an  initial  void  ratio  of  2.00  and  75%  for  an  initial  void  ratio  of 
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I.  Introcaction 


\ 


The  field  of  soil  mechanics  is  far  from  an  exact  science.  Only 
recently  have  attempts  been  made  to  be  more  precise  in  predicting 
the  mechanical  response  ci  a  soil  under  load.  The  bulk  of  available 
data  originated  from  one  of  two  sources;  laboratory  tests  and  in 
s^ observations.  Botti  of  &ese  sources  have  been  significant  in  the 
development  of  soil  mechanics.  They  furnish  file  best  sources  of  in> 
formation  because  ot  fiie  large  number  of  variables  involved  in  de¬ 
scribing  sell  behavior  under  load.  Because  of  fiie  nature  of  informa¬ 
tion  gained  from  these  sources,  the  relationships  fiiat  exist  in  soil  me¬ 
chanics  are  primarily  empirical  ones.  If  either  of  fiiese  inputs  of  in¬ 
formation  are  absent,  fiien  the  conclusions  based  upon  observations 
of  only  one  source  become  speculative.  If  for  some  reason  either 
source  is  not  available,  then  the  only  alternative  is  to  exhaust  the  re¬ 
maining  source  and  extract  from  it  as  much  information  as  possible. 

In  the  case  of  lunar  soils,  the  in  situ  information  is  meager  consis¬ 
ting  only  of  the  Surveyor  and  Luna  13  mission  results.  Because  of 
this  shortcoming  it  is  difficult  to  formulate  an  intelligent  statement 
about  the  response  of  the  lunar  surface  material  to  an  imposed  load. 
Consequently,  the  bulk  of  the  information  about  the  mechanical  pro¬ 
perties  of  the  lunar  surface  must  come  from  laboratory  tests.  This 
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paper  is  a  report  of  an  attempt  to  add  some  small  amount  to  that  know¬ 
ledge  that  will  be  required  to  understand  the  mechanical  response  of 
the  lunar  surface  material. 

There  are  a  number  of  soil  properties  that  will  change  signifi¬ 
cantly  under  the  lunar  environment.  Those  properties  that  reflect 
tile  strengtii  of  tiie  soil  and  its  response  to  an  applied  load  should  be 
the  first  ones  investigated  because  these  will  have  direct  influence  on 
future  lunar  missions.  Bearing  capacity,  shear  strength,  compres¬ 
sibility,  and  penetration  resistance  are  a  few  of  the  properties  that 
should  be  high  on  a  priority  list.  It  would  be  difficult  to  assess  which 
of  these  is  tiie  most  important  but  the  property  that  was  investigated 
in  this  study  was  the  compressibility  of  a  soil  under  simulated  lunar 
atmospheric  conditions.  The  compressibility  of  a  soil  as  determined 
by  the  one  dimensional  compression  test  has  been  an  old  acquaintance 
of  the  soils  engineer.  The  test  is  generally  performed  in  a  cylindrical 
apparatus  approximately  4  in.  in  diameter  and  1  in.  high.  The  sides 
of  the  container  prevent  laterail  movement  of  the  soil  and  impose  the 
condition  of  no  lateral  strain  (Ref  24:56).  The  change  in  volume  for 
a  given  increase  in  load  is  measured  and  the  resulting  information 
when  plotted  is  known  as  a  compressibility  curve.  Even  though  the 
test  is  titled  a  one  dimensional  compression  test,  this  name  has  arisen 
from  common  usage  and  is  not  a  precise  description  of  the  state  of 
stress  in  the  soil.  Once  the  results  are  obtained,  they  are  used  in  a 
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semi-empirical  relation  to  calculate  the  settlements  in  a  soil  voder, 
an  imposed  surface  load.  Without  tiie  results  of  tiie  compressibility 
test  die  only  way  diat  settlements  can  be  determined  is  to  physically 
load  die  soil  m  situ  and  observe  die  settlement.  Such  a  technique  is 
not  practical  on  the  lunar  surface.  The  degree  of  settlement  of  die 
surface  under  an  imposed  load  should  be  an  important  parameter  to 
the  early  Itinar  missions,  and  to  fully  understand  this  parameter  die 
difference  in  compressibility  of  a  fi.^e-grained  soil  in  vacuum  as  com¬ 
pared  to  air  must  be  known. 

Statement  of  the  Problem 

The  purpose  of  this  investigation  was  to  determine  die  effect 
of  the  initial  void  ratio  and  the  ambient  pressux  7  level  on  die  com¬ 
pressibility  of  simulated  lunar  soil  subjected  to  one  dimensional  com¬ 
pression. 

Scope 

The  compressibility  of  the  soil  was  determined  from  void  ratio 
versus  pressure,  e-P,  curves  for  die  samples  tested.  The  void  ratio, 
e,  is  defined  as  the  ratio  of  the  volume  of  voids  to  the  volume  of  sol¬ 
ids  in  the  sample.  The  e-P  curve  is  a  plot  of  the  change  in  void  ratio 
as  the  applied  surface  load  changes.  Obtaining  this  curve  while  inde¬ 
pendently  varying  the  initial  void  ratio,  e.,  and  the  ambient  pressure 
was  the  objective  of  the  experimentation. 

The  entire  process  consisted  of  comminution  of  rocks  to  pro- 
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powders,  sievisf  &e  pesders  for  graia  siae  oooitrol.  perforadag 
fte  owe  <fiaae»siowal  compressiow  test  widlc  messwriag  applied 

force  aad  foe  correspow£ag  decrease  ie  ^ane.  aad  plotliag  foe  e-P 
carve  for  eack  test.  Tte  details  of  dds  segaeace  are  described  sa  foe 
bodjrof  foe  report. 

Tiae  eaperimeatation  was  lianted  ia  scope  ia  several  respects. 

Tbe  oaly  variables  ia  foe  tests  were  foe  iaitial  void  ratio  aad  foe  am* 

KeOt  pressace  Ica^  Tbe  aafoieat  pressares  ased  were  etwiojpberic 
-d  —10 

pressare.  10  Torr.  10  Torr.  Tbe  iaitial  void  ratio  raaged  from 
1.12  to  2.00.  Tbe  graia  siae  was  restricted  to  parfides  passiag  a  #250 
sieve  or  a^proriwaately  less  foaa^O  aacroas  ia  siae.  Oalp  oae  f|rpe  of 
rock.  Iboleiitic  basalt,  was  commiaaledL. 


Tbe  material  ir  presealed  ia  tbe  foUowiag  seqaeace:  a  descrip¬ 
tion  of  foe  test  apparatus,  insimmeatatioa.  and  procednres;  a  state¬ 
ment  of  foe  esi^erimeEtal  resells:  a  ^scossioa  of  foe  resnlts;  and  re- 
omiinendatioas  for  addiCoial  work  to  be  d<aie  ia  the  area.  If  foe  rea¬ 
der  desires  to  obtain  as  mncb  information  as  possilde  aboci  foe  work 
font  was  done  wifo  a  mimmng.  of  reading  foe  suggested  sections  and 
sequence  of  readings  would  be  as  followsr  abstract;  introdaction; 
Chapter  in.  foe  Results  section  only;  conclusions:  and  An>cndix  E. 
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n.  E3q>erimentaiion 

Preligdaatry  Considerations 

Several  factors  should  be  considered  before  a  detailed  discus¬ 
sion  of  'Qie  actual  es^erinaentatioa  is  presented.  These  factors  were 
taken  into  account  during  &s  design  of  &e  experiment  to  insure  that 
jOie  results  would  be  valid  and  sOme  conclusions  could  be  drawn. 

The  tests  were  performed  in  a  vacuum  chamber  capable  of  op¬ 
eration  in  the  10“^®  Torr  srange  to  create  fte  required  variation  in 
ambient  conditions.  So  &ai  a  comparison  of  ^e  resiilts  between  'die 
atmos|dieric  tests  and  the  vacuum  tests  would  be  valid,  both  vacuum 
and  atmospheric  tests  from  vdiich  conclusions  were  drawn  were  per¬ 
formed  on  the  chamber  apparatus. 

The  purpose  of  the  experiment  was  to  determine  the  effects  of 
a  change  in  ambient  pressure  on  the  coefficient  of  volume  compres¬ 
sibility  of  a  rock  powder.  The  soil  mechanics  parameter  that  rep¬ 
resents  the  e-P  curve  is  the  coefficient  of  volume  compressibility, 
hly.  is  defined  by  the  equation 

=  a^/(l  +  e  ) 

a^is  the  slope  of  the  chord  of  the  e-P 
curve  between  an  initial  load  and  a  final 
load  on  the  soil 
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is  the  initial  void  ratio 
(Ref  22:170) 

is  therefore  not  a  constant  but  depends  on  the  slope  of  the  e-P  \ 

curve  and  the  initial  void  ratio.  It  is  also  related  to  the  more  fami¬ 
liar  Young’s  Modulus  by  the  equation 

E  =  (M^)-i[i-2^2/(1“v)J 

V  is  Poisson’s  ratio  for  the  soil 
(Ref  16:68) 

This  equation  is  valid  only  for  the  one  dimensional  compression  case 
of  no  lateral  strain  which  was  the  assumed  condition  in  the  soil  mass. 

Defining  the  initial  load  as  P^  and  the  load  increment  as  AP.  M^  be- 

t 

e  (at  Pq)  -  e  (at  Pp  ♦  AP) 

P 

The  test  that  was  performed  was  a  one  dimensioned  compression  test. 

Certain  deviations  from  the  normal  test  procedure  were  included  be¬ 
cause  of  special  problems  associated  with  this  particidar  experiment. 

The  sample  size  was  selected  as  approximately  0.7  in.  high  and  1.0  in. 
in  diameter  in  a  cylindrical  configuration.  This  is  substantially  dif¬ 
ferent  from  the  normal  size  of  the  apparatus  used  for  one  dimensional 
testing  of  soils  with  nominal  dimensions  of  1.00  in.  high  and  4.0  in.  , 

in  diameter  (Ref  24:260).  The  sample  was  purposely  kept  small  so 
that  the  outgassing  problems  associated  with  the  vacuum  system 
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would  be  within  the  c^ipacitjr  of  the  system  to  handle.  The  primary 
phenomena  associated  with  a  change  in  the  response  of  the  soil  to 
changes  in  ambient  pressure  is  the  change  in  the  degree  of  surface 
cleanliness  of  tiie  soil  grains  (Ref  25:3748).  The  larger  &e  soil  sam¬ 
ple,  the  lesser  tite  degree  of  surface  cleanliness  ai«l  flius  the  less  tte 
difference  of  the  observed  results.  Consequently  some  compromise 
had  to  be  attained  between  the  standard  size  of  sample  and  a  smaller 
sample  size  that  w>uld  produce  results  that  truly  illustrate  fte  ef¬ 
fects  of  a  change  in  the  environment.  The  size  tiiat  was  selected  was 
chosen  based  on  those  considerations.  Another  problem  associated 
with  the  size  of  the  soil  container  was  the  sensitivity  of  tfie  results 
to  slight  changes  in  the  size  of  the  container.  Several  tests  were 
performed  with  containers  with  small  changes  in  internal  dimensions 
and  it  was  found  that  the  results  were  sensitive  to  changes  in  geo¬ 
metry.  Consequently,  the  results  presented  are  a  function  of  the 
geometry  of  the  test  and  would  change  as  the  scaling  of  the  test  ap¬ 
paratus  was  changed.  This  scaling  problem  restricts  the  interpre¬ 
tation  of  the  results  in  such  a  way  that  only  relative  differences  be¬ 
tween  the  data  can  be  discussed  and  the  absolute  value  of  the  results 
is  subject  to  some  question.  However,  since  all  of  fte  tests  were 
performed  with  the  same  internal  dimensions,  they  are  all  subject 
to  the  same  scaling  problems  and  comparisons  within  tlie  test  data 
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The  tampiag  device  that  was  ased  to  apply  the  load  to  the  surface 
of  ttie  soil  was  desig^ied  in  such  a  manner  that  &ere  was  0.10  in. 
clearance  between  the  wall  of  flie  container  and  the  edge  of  tite  tamper. 
This  was  also  a  deviation  from  the  standard  test  but  was  felt  to  be 
necessary  because  of  the  problems  associated  with  metal-metal  con¬ 
tacts  in  ultrahigh  vacuum.  To  eliminate  the  difficulties  inherent  in 
determining  the  friction^  interaction  at  tte  interface  of  die  tamper 
and  die  wall  in  die  vaccum  and  its  effect  on  die  computed  compres¬ 
sibility  of  the  powders,  this  clearance  space  was  designed  into  the 
af^iaratns.  AU  of  the  tests  that  were  run  wrere  performed  widi  the 
same  tamper -wall  clearance.  Again,  this  design  change  affects  the 
absolute  values  of  the  results  but  since  only  comparisons  between 
tests  are  mado,  the  conclusions  are  valid. 

The  Anal  deviation  from  the  standard  one  dimensional  test  wras 
die  design  of  die  container  itself.  The  containers  are  showm  in  Fig. 

2.  The  container  used  in  die  vacuum  chamber  wras  made  from  stain¬ 
less  steel  because  of  its  excellent  outgassing  properties.  The  teflon 
container  could  not  be  used  in  the  vacuum  chamber  because  of  its 
poor  outgassing  properties,  however  it  was  used  in  atmospheric  tests. 
These  containers  were  of  a  cylindrical  conAguraAon  widi  vertical 
slits  cut  in  the  sides.  The  slits  were  placed  in  the  sides  of  tlte  steel 
container  to  increase  the  capability  of  the  soil  to  outgas .  If  these 
slits  had  not  been  present,  a  soil  grain  in  the  bottom  of  the  container 
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would  have  seen  the  vacuum  through  'Qie  height  of  tiie  column  of  soil. 
Because  of  the  slits  in  the  side  that  same  soil  grain  had  to  look  only 
along  a  radius  to  see  the  vacuum.  The  degree  of  ‘surface  cleanliness 
diat  was  obtained  would  probably  not  have  been  achieved  if  these  slits 
had  not  been  present. 

These  above  discussed  considerations  were  made  before  the 
actual  experimentation  was  started  and  they  do  have  a  significant  ef¬ 
fect  on  the  results.  The  important  result  of  these  factors  is  that  the 
absolute  value  of  the  results  is  highly  speculative  but  the  relative 
value  of  the  results  is  quite  valid.  Consequently,  all  of  the  conclu¬ 
sions  made  consider  only  relativfe  changes  and  general  trends  in  the 
observed  data. 

Sample  Selection  and  Preparation 

The  rocks  chosen  for  comminution  were  samples  of  tholeiitic 
basalt  furnished  by  the  U.S.  Bureau  of  Mines.  An  analysis  of  these 
rocks  is  included  in  Appendix  B.  These  rocks  were  selected  because 
they  are  one  of  Green’s  standards  for  lunar  research  (Ref  8)  and  be¬ 
cause  they  closely  approximate  the  results  of  the  chemical  analysis 
of  the  lunar  surface  from  the  Surveyor  missions.  A  comparison  of 
chemical  compositions  is  given  in  Appendix  E.  The  rocks  had  been 

previously  crushed  mechanically  and  were  less  than  one  inch  in  size. 

o 

They  v/ere  placed  in  a  furnace  and  heated  to  600  C  for  approximately 
45  hours.  This  was  done  to  drive  off  as  much  water  vapor  as  pos- 
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ible  from  the  surface  of  the  rocks  since  this  is  the  area  from  which 
most  of  the  powders  were  derived.  Also  the  furnace  was  flushed  with 
argon  during  this  heating  to  minimize  oxidation  of  the  surface  of  the 
rocks  which  would  change  their  mineralogical  content.  After  the  rocks 
were  dried,  they  were  stored  in  a  dessicated  atmosphere  to  rrcvent 
further  adsorption  of  water  vapor  .  Before  comminution,  the  rocks 
were  placed  in  a  shaker  box  and  the  interior  of  the  box  was  flushed 
with  argon  so  that  the  comminuting  process  would  be  conducted  in  an 
inert  atmosphere.  This  comminution  process  is  discussed  in  deta?l 
in  Appendix  A.  After  comminution  in  the  inert  atmosphere,  the  pow¬ 
ders  were  sieved  to  collect  all  particles  that  passed  a  #250  sieve.  A 
grain  size  analysis  is  shown  in  Fig.  17  in  Appendix  A.  This  sieving 
process  was  conducted  in  an  enclosed  box  that  had  been  flushed  with 
argon  during  the  sieving  operation.  This  procedure  was  also  followed 
to  minimize  surface  contamination.  In  the  initial  stages  of  testing,  the 
powders  were  tested  in  the  same  day  in  which  they  were  comminuted 
because  the  degree  of  cleanliness  of  a  surface  is  directly  related  to 
the  age  of  that  surface  (Ref  12:27).  Later  a  compression  test  was  con¬ 
ducted  on  powders  that  had  been  prepared  one  month  prior  to  the  test. 
No  difference  in  the  results  were  observed  and  consequently  all  later 
tests  were  conducted  with  powders  that  were  not  more  than  one  month 
old.  After  the  powders  of  the  proper  size  were  collected,  they  were 
stored  in  a  dessicated  atmosphere  to  prevent  the  adsorption  of  water 
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vapor. 

On  &e  day  in  'which  the  test  was  to  be  performed,  '&e  po'wders 
were  placed  in  a  testing  container  whose  volume  had  been  accurately 
measured.  The  method  of  placement  was  varied  to  eliminate  the  pos¬ 
sibility  of  systematic  error.  For  initial  void  ratios  below  1.6C  the 
samples  were  packed  to  tiie  desired  void  ratio  for  testing  by  either 
applying  a  uniform  pressvire  across  &e  entire  face  of  &e  sample  or 
by  using  a  rod  and  rodding  &e  satmple  into  its  final  configuration.  Vib¬ 
ration  could  not  be  used  because  of  the  slits  in  'Qie  sides  of  &e  con¬ 
tainers.  For  initial  void  ratios  of  1.70  and  above  tiie  initial  config¬ 
uration  was  attained  by  pouring  the  powders  into  the  containers  from 
a  short  height  and  not  applying  any  pressure  to  the  surface.  After  tiie 
container  had  been  filled  it  was  weighed  and  the  initial  void  ratio  was 
determined.  The  density  of  the  solid  particles  'was  assumed  to  be  the 
same  as  the  density  of  the  rock  prior  to  comminution.  This  density 

•y 

was  measured  and  found  to  be  2.85^  0.012  gm/cm'^.  The  same  tech¬ 
nique  of  sample  preparation  was  used  for  tests  performed  both  in  the 
vacuum  chamber  and  on  the  Instron. 

Description  of  Vacuum  Apparatus 

The  vacuum  system  used  to  create  the  pressure  environment  for 
testing  was  a  Var  .an  VI-360  xxltrahigh  vacuum  system.  This  system 
has  the  capability  of  operating  in  the  low  10  Torr  range  when  emp- 
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vapor. 

On  the  day  in  which  the  test  was  to  be  performedi  the  powders 
were  placed  in  a  testing  container  whose  volume  had  been  accurately 
measured.  The  method  of  placement  was  varied  to  eliminate  the  pos¬ 
sibility  of  systematic  error.  For  initial  void  ratios  below  1.60  die 
samples  were  packed  to  the  desired  void  ratio  for  testing  by  either 
applying  a  uniform  pressure  across  the  entire  face  of  the  sample  or 
by  using  a  rod  and  rodding  the  sample  into  its  final  configuration.  Vib¬ 
ration  could  not  be  used  because  of  the  slits  in  the  sides  of  the  con¬ 
tainers.  For  initial  void  ratios  of  1.70  and  above  the  initial  config¬ 
uration  was  attained  by  pouring  the  powders  into  the  containers  from 
a  short  height  and  not  applying  any  pressure  to  the  surface.  After  die 
container  had  been  filled  it  was  weighed  and  the  initial  void  ratio  was 
determined.  The  density  of  the  solid  particles  was  assumed  to  be  the 
same  as  the  density  of  the  rock  prior  to  comminution.  This  density 
was  measured  and  found  to  be  2.85^  0.012  gm/cm'^.  The  same  tech¬ 
nique  of  sample  preparation  was  used  for  tests  performed  bodi  in  die 
vacuum  chamber  and  on  the  Instron. 

Description  of  Vacuum  Apparatus 

The  vacuum  system  used  to  create  the  pressure  environment  for 

testing  was  a  Varian  VI-360  ultrahigh  vacuum  system.  This  system 

-11 

has  the  capability  of  operating  in  the  low  10  Torr  range  when  emp- 
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ay  aad  ca®  ■ejis53i:  osrraite  aa  IS  Torr  tas^  tajKScr  a  gas  Joad. 
S<n^  sa=^as®  a-s  accoegpa5s3aes  fey  law  sorpaios  jassasps.  Tlie  oJfcer 

pansps  Sss  iS#  sysaesa  ar*  a  Sitaassaa  sasWiTsaiaoa  jnaissp  a  siter 

_  ,  o 

per  secsasaa  5<«  pasp  all  oi  vfeicfe  are  feaiceafeSe  to  250  C-  Tfee  entire 

systesa  ma&  ooedtxeS  paael  is  sSacm*  ia  Fig.  1.  Tfee  crsander  is  !S  in. 

ia  fiaBaeSer,  30  ia,  aall  iastemlfiy.  aad  caa  fee  separaied  ia  Ifee  center 

&o  alfew  access  to  Sbe  iatenor.  T&e  top  oa  fee  feeM  Jar  is  coaaected  to 

a  aastor  dffiwea  ©cist  to  pereat  xaisiag  aad  Soaeriag.  7%(is  cessaection 

aaay  ie  sealed  wife  eifeer  a  Vitoo  yasScet,  w&icfe  persaitts  opesatioa  to 

Terr  wifeoal  feslcecw!!,  or  a  copper  gasket  damsped  wife  ITfeeeler 
fiapfes^  wMcfe  aensdls  operation  to  10'®®  Torr  wife  a  feake-*at.  Tfee 
two  feedfesoiag^  feat  were  otsed  tor  fee  test  were  fee  liaear  motioa 
feedferwn^,  wMci  persaitted  «»ae  iaci  of  precisncn  feorirootaa  travel, 
aad  fee  electrical  fcedfenwajb-  Tfeere  are  essentially  fonr  gages  used 
ia  fee  system  to  taaoeator  fee  presso2e  at  varioas  stages  daring  pomp- 
Jowa.  A  boardaa  gage  cerates  daris^  fee  tirst  stage  of  roagfe  painping 
aad  a  feermocoosde  gage  <^rates  daring  fee  latter  stages  of  iroagk 
posajacg.  For  fee  racge  ai  IxlO”*  to  5x10”^  Torr  a  pressure  gage  on 
fee  ion  psasap  records  fee  pressure.  From  5x10“^  to  2x10“*^  Torr  a 
sfflde  lea  gage  is  used.  T3ae  sigrcticani  advantage  of  tfcss  system  is  that 
it  does  sot  use  any  diffusion  or  oil  type  panaps  feus  eliminating  fee  pos¬ 
sibility  of  coaiaasaination  fey  feackstreaming  of  oil  into  the  vacuum. 

A  certain  enmfeer  of  internal  nuKlifications  ■were  required  to  a— 
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Fig.  1  Varian  VI-360  System,  (a)  Bell  Jar 

(b)  Viewing  Ports  (c)  Wheeler  Flanges 
(d)  Sorption  Pumps  (e)  Control  Panel 


Fig.  2  Soil  Containers  (Scale  in  inches) 
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dapt  the  system  to  perform  the  desired  tests-  The  staging  platform 
was  approximately  12  in.  below  the  viewing  ports,  consequently 
a  stainless  steel  table  was  made  to  elevate  die  working  area  to  the 
level  of  the  viewing  ports  so  the  experiments  could  be  seen  from  the 
exterior  of  the  chamber.  A  system  of  arms  and  levers  was  construc¬ 
ted  to  transfer  the  horizontal  motion  of  the  linear  motion  feedthrough 
into  a  nearly  vertical  motion  at  the  surface  of  the  soil  sample  to  be 
tested.  The  known  stiffness  of  the  lever  system  was  used  in  the  de¬ 
termination  of  the  force  applied  to  the  sample.  Because  of  the  impor¬ 
tance  of  this  aspect  of  the  instrumentation  this  device  is  discussed  in 
detail  in  Appendix  C. 

The  containers  that  were  used  to  hold  the  sample  are  shown  in 
Fig.  2.  A  stainless  steel  container  was  used  for  the  bulk  of  the  ex¬ 
periments,  and  a  teflon  container  was  used  to  test  for  the  friction 
effects  involved.  The  teflon  container  was  used  only  for  tests  in  at¬ 
mosphere  and  was  not  used  in  the  vacuum  chamber. 

A  heating  coil  was  constructed  that  could  be  placed  near  the  soil 
sample  to  introduce  the  capability  of  intense  local  heating  near  the 
sample.  The  element  consisted  of  two  large  coils,  2  in.  in  diameter, 
around  the  sample.  The  wire  used  was  standard  heavy  gauge  heating 
element  wire  and  was  coiled  in  l/4  in.  coils.  The  wire  was  connected 
to  an  external  power  supply  and  was  operated  for  two  hours  at  6.0 
amps  during  the  bakeout  of  the  system.  This  increased  the  local  tem- 
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pjtrature  near  sample  to  approsdmately  300  C. 

Tbe  final  portion  of  the  apparatos  was  a  cafisetometer  was 

placed  outside  the  chamber  and  measured  tiie  vertical  deformation  or 
axial  strain  in  the  soil  as  the  load  was  applied.  This  device  is  also 
discussed  in  more  detail  in  Appendix  C. 

Description  of  Test 

The  tests  were  performed  at  tiiree  pressure  levels;  atmos¬ 
pheric,  10  ®  Torr,  and  10  Torr.  All  of  tiie  tests  were  performed 
on  the  chamber  apparatus  to  insure  compatibility  of  results.  The  at¬ 
mospheric  tests  were  conducted  by  placing  flie  sample  in  the  chamber, 
closing  the  chamber  with  the  Viton  gasket  installed,  and  creating  a 
small  vacuum  of  approximately  10  in.  This  was  done  to  insure  a  pro¬ 
per  seal  of  the  Viton  gasket.  The  chamber  was  Qien  backfilled  with 
nitrogen  gas  to  a  pressure  of  about  28  in.  Thus  the  atmospheric  tests 

were  conducted  in  about  a  1  in.  vacuum  and  a  nitrogen  atmosphere. 

-»8 

The  10  Torr  tests  also  used  the  Viton  gasket  however  the  complete 

pumping  cycle  of  the  system  was  required  to  attain  this  vacuum  level. 

—8 

Only  one  test  sample  at  10  Torr  had  been  exposed  to  a  bakeout.  The 
IQ-iv  Torr  tests  were  exposed  to  a  system  bakeout  of  200  C  for  18 
hours  and  exposure  to  the  sample  heating  coil  at  approximately  300°C 
for  2  hours.  In  some  instances  the  sample  heating  coil  malfunctioned 
and  this  is  noted  where  applicable.  All  of  the  10"^®  Torr  tests  used  the 
copper  gasket  and  the  Wheeler  flanges  to  seal  the  bell  jar.  The  system 
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is  capable  of  a  bakeoot  to  250  C  Imt  ISse  linear  saotioa  feedSttos^  tSsat 

e 

■was  used  as  aa  attachment  is  lunited  to  a  200  C  exposare  iex^E^eiataxe. 

Tbe  compzessibilitj  test  was  pesfoRBed  mben  &e  desired  ■va-- 
cmm  eavironnaeat  bad  beea  crreated  ia  fte  cinamber.  Tbis  test  coa« 
sisted  of  applyipc  aa  iapot  to  &e  linear  taotioa  fced&roa^  -adsicb 
traasmitsed  a  corzesfoadiag  force  to  tbe  surface  of  tbe  sasapSe.  Tbis 
apfilicd  force  oas  measored  aloof  wito  toe  coi  respoa&ag  deflectioa  of 
toe  sanqile.  Aa  adtotioaal  force  iacrezoeat  was  aps^ied  and  toe  in¬ 
creased  deflectioa  measored.  aad  so  forto  oatil  toe  total  load  on  toe 
sample  was  approximately  60  psi.  This  force  aad  deflectioa  sraeaso- 
ring  system  is  discassed  at  great  leagto  ia  Ap?em&c  C.  The  force 
coold  be  measared  with  aa  accuracy  of  -  10  ^  and  toe  deflection 
coold  be  read  to  ^.01  mm.  From  tois  laformatica  toe  void  ratio  at 
any  force  increment  coaid  be  determined  and  toe  correspondii^  e-P 
carve  coold  be  plotted.  The  time  rate  at  wbi<^  toe  load  was  applied 
is  showm  for  a  tyjncal  test  as  Fig.  3.  The  void  ratio  coold  be  deter¬ 
mined  to  V  0.02  and  toe  total  valome  of  toe  sample  at  any  time  was 
knowna  to  -s-O.Ol  cm^. 

Instrcn  Tests 

Additional  tests  in  atmosphere  were  performed  on  an  Instron 
machine  for  two  reasons.  First,  since  this  instrument  was  much 
more  accurate  toan  toe  chamber  apparatus,  a  comparison  of  &e  re¬ 
sults  of  tests  from  the  Instron  and  toe  chamber  apparatus  permitted 
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an  analysis  of  the  accuracy  of  the  chamber  apparatus.  Second,  the 
additional  atmospheric  tests  provided  more  information  on  the  beha** 
yior  of  the  powders  under  atmospheric  conditions  particularly  the 
frictional  effects  of  the  boundaries  of  the  containers. 

The  Instron  is  a  commercially-available  test  apparatus  designed 
to  permit  the  capability  of  testing  a  wide  variety  of  materials  in  ten¬ 
sion  or  compression.  A  load  cell  incorporated  into  the  stationary 
base  of  the  machine  was  capable  of  recording  loads  up  to  50  lbs.  full 
scale.  A  moveable  crosshead  containing  the  tamping  device  and  the 
soil  container  was  placed  on  top  of  the  compression  load  cell.  The 
same  container  and  taimper  size  was  used  for  these  tests  as  was  used 
for  the  chamber  tests.  The  only  difference  was  the  geometry  of  load¬ 
ing  since  the  crosshead  of  the  Instron  would  move  directly  into  the 
soil  sample  and  not  along  the  arc  of  a  circle  as  in  the  chamber  ap¬ 
paratus.  Fig.  4  shows  the  sample  loaded  in  the  Instron  and  Fig.  5 
shows  the  sample  loaded  in  the  chamber.  The  movement  of  the  cross - 
head  was  controlled  by  a  synchronous  motor  and  was  calibrated  to  be 
0.005  in./min.  This  loading  rate  corresponded  to  the  approximate 
loading  rate  of  the  chamber  tests.  The  output  o  f  the  load  cell  was 
fed  into  a  chart  recorder  which  was  driven  by  another  synchronous 
motor  operating  off  of  the  same  power  source  as  the  crosshead  motor. 
The  load  cell  was  accurate  to  +0,5%  on  all  force  readings.  The  ac¬ 
curacy  of  measuring  the  displacement  in  the  soil  could  be  varied  by 
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Fig.  5  Sample  Loaded  in  the  Chamber  Apparatus 
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proper  seleciioa  of  flte  dtart  speed.  The  accuracy  chosen  was 
sli^Hy  greater  than  the  accuracy  of  dis|dacement  measurement  a- 
-vailaUe  on  the  chamber  apparatus  and  was  -fO.OOOOS  in.  By  making 
Biis  dkoice.  fte  tests  on  ttie  Instron  were  diq>licates  of  Bte  chamber 
tests  except  for  &ree  respects  which  were  fte  strai^t  downward  mo- 
ticm  of  the  tamper  relative  to  &e  sample,  improved  accuracy  of  the 
force  and  displacement  measurements,  and  performance  of  the  tests 
in  air  as  opposed  to  a  mtrogen  environment. 

The  lustron  was  also  used  to  determine  flie  effects  of  the  fric¬ 
tional  resistance  developed  at  the  boundaries  of  tiie  container  by  per¬ 
forming  file  tests  in  a  teflon  container.  A  detailed  discussion  of  these 
tests  and  Bieir  analysis  is  induded  in  Appendix  F. 
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in.  Discttssion  and  Restilts 

Introduction 

A  total  of  15  tests  were  run  in  the  vacuum  chamber,  six  of 
vdiich  were  at  atmospheric  pressure,  three  at  10"®  Torr,  and  six  at 
2*oir.  The  data  collected  from  these  tests  is  included  in  Ap¬ 
pendix  D.  Table  n  in  that  appendix  is  a  summary  listing  of  all  tests 
performed.  The  corresponding  void  ratio  versus  pressure  curves 
for  some  of  the  tests  are  presented  as  Figs.  6  through  10.  The  e-P 
curves  for  the  remaining  tests  performed  in  the  vacuum  chamber  are 
in  Appendix  D  as  Figs.  26  through  31.  Figs.  26  and  27  were  tests 
performed  in  the  vacuum  chamber  but  there  were  no  other  test  per¬ 
formed  in  vacutun  at  similar  initial  void  ratios.  Figs.  28,  29  and  30 

are  die  e-P  plots  of  the  three  tests  performed  in  the  10  Torr 

—  10 

range.  F*ig.  31  is  a  plot  at  a  10  Torr  test  on  a  sample  with  an 
«!=  1.517  and  is  essentiadly  the  same  result  as  obtained  in  Data  Run 
#12  with  6^=  1.497,  The  e-P  plot  for  Data  Run  #12  is  shown  in  Fig.  8. 
Also  included  in  Appendix  D,  as  Figs.  32  through  37  are  additional 
non-dimensional  plots  of  the  same  information  with  the  volume  norm¬ 
alized  to  the  initicil  volume  and  the  applied  load  to  a  60  psi  value  and 
plotted  on  a  semilog  scale.  These  plots  are  included  in  the  Appendix 
for  information  and  do  not  show  any  results  that  cannot  be  gained 
from  Figs.  6  through  10, 

The  tests  performed  on  the  Instron  in  the  stainless  steel  con- 
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tainer  in  all  cases  produced  results  that  were  within  the  error  limits 
of  the  tests  performed  in  tiie  vacuum  chamber  at  atmospheric  pres* 
sures.  This  can  be  seen  by  examination  of  Figs.  7  through  10  ^ich 
show  that  for  tests  in  the  steel  container  &e  lower  error  limit  of  the 
Instron  test  overlaps  the  upper  error  limit  for  the  chamber  test.  Per* 
haps  the  weakest  aspect  of  the  experiment  in  the  chamber  is  the  lack 
of  precision  of  the  force  measurement.  The  compatibility  of  the  cham* 
ber  and  the  Instron  results  in  atmosphere  can  be  interpreted  one  of 
two  ways.  Either  Oie  e*P  curves  are  insensitive  to  a  force  variation 
of  10%  or  the  actual  measurement  capability  of  the  chamber  system  is 
better  than.+ 10%.  In  either  case,  the  results  of  the  Instron  test  in¬ 
dicate  that  the  e-P  curves  from  the  chamber  tests  are  accurate  de¬ 
scriptions  of  the  response  of  the  soil  to  one  dimensional  compression 
for  the  given  loading  geometry. 

A  cursory  examination  of  the  above  mentioned  figures  indicates 
that  the  vacuum  environment  did  have  some  effect.  Before  fl»e  size 
of  this  effect  or  its  possible  cause  is  discussed,  an  analysis  of  the 
forces  at  work  in  the  sample  should  be  made. 

Discussion 

As  an  external  load  is  applied  to  the  surface  of  a  soil,  certain 
internal,  reactions  are  created  in  the  soil  to  oppose  the  application  of 
that  load.  The  degree  to  vdxich  each  of  these  reactions  participate  is 
directly  related  to  the  compressibility  of  that  soil.  These  internal  re- 
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spons«s  may  be  broicec  dowsi  ixiSo  a  ssamber  of  factors. 

1.  Elastic  response  of  fee  soil  graiss.  As  tbe  load  is  applied 

to  the  sarlace,  flie  indiviihiaS  soil  grains  vill  ondergo  some  elastic  de» 

formation.  THs  deformation  will  be  recovered  ««es  tbe  ioad  is  re- 

moved  and  its  apparent  magimtode  caay  be  calculated  from  standard 

eqoatiocs  relating  dse  raedsamcal  pr^serties  of  tbe  grains  to  their 

deformation:  sa^  as  is  found  in  To:^  and  Varkentis.  eqaatics  S.b 

(Ref  28).  The  actoal  contzibction  of  this  term  is  small  in  l&e  tests 

conducted  because  flte  largest  percentage  of  the  volame  dbaa^  noted 

was  irreversible  and  not  due  to  an  elastic  deformation.  As  t&e  initial 

void  ratio  decreased  size  of  tbe  coatributio&  of  this  term  voald  in^ 

crease;  however,  for  She  same  imfial  void  ratio,  the  elastic  response 

of  be  grains  should  not  be  affected  by  a  change  in  l&e  environmental 

pressure.  Consequently  whatever  the  elastic  response  was  at  atmos- 

phezic  pressure,  it  was  die  same  at  10~  Torr  for  a  sample  with  the 

same  initial  void  ratio.  This  term  then  cannot  account  for  die  ob> 

-10 

served  differences  between  die  atmospheric  data  and  the  10  Torr 
data. 

2.  Electrostatic  forces.  Because  of  the  small  size  of  the  grains 
tested  it  is  possible  that  a  buildup  of  electrostatic  charges  on  the 
grains  daring  preparation  and  handling  could  create  forces  that  would 
have  a  significant  effect  on  the  resistance  of  tbe  soil  to  a  compressive 
load.  Experimental  work  conducted  by  Kitchener  and  Prosser  (Ref 
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13:407)  h&3  shown  Oiat  water  vapor  will  dissipate  &is  electrostatic 
charge.  The  relative  humidity  of  'Qie  laboratory  was  25~35%  which 
would  be  sufficient  to  dissipate  such  an  electrostatic  charge.  Conse¬ 
quently,  if  this  force  were  present  at  all,  its  magnitude  was  of  no  re¬ 
lative  significance  for  the  atmospheric  tests.  For  similar  tests  con¬ 
ducted  in  vacuum,  tiie  same  autiiors  iindicate  that  Oie  glow  discharge 
from  starting  the  ion  pump  will  dissipate  all  electrostatic  charge  in 
&e  chamber  (Ref  13).  If  &e  particles  are  not  disturbed  by  handling 
or  tumbling  after  9ie  glow  discharge  of  tte  pump,  no  furdier  electro¬ 
static  charges  can  be  built  up.  From  &ese  observations,  it  is  con¬ 
cluded  &at  electrostatic  attraction  or  repulsion  of  individual  soil 
grains  was  not  a  significant  factor  in  either  the  atmospheric  or  va¬ 
cuum  tests. 

3.  Cohesive  forces.  Thece  are  attractive  surface  forces  that 
act  within  the  soil  and  contribute  significantly  to  tiie  resistance  of  the 
soil  to  an  applied  external  load.  The  si2^  of  the  cohesive  force  in  a 
soil  mass  is  dependent  principally  on  the  nature  of  the  adsorbed  film 
&at  exists  on  each  individual  grain  (Ref  24:16).  For  this  discussion 
they  will  be  considered  to  be  forces  that  arise  from  either  Van  der 
Waals  attraction  or  chemical  bonding  at  grain  contacts.  At  atmos¬ 
pheric  pressure  the  degree  of  chemical  bonding  that  occurs  is  negli¬ 
gible  because  of  the  fiiickness  of  the  adsorbed  surface  film.  The  Van 
der  Waals  forces  however  can  constitute  a  sizeable  attractive  force  on 
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•Qie  macroscopic  scale  (Ref  18:13)  and  probably  are  significant  in  a 
soil  mass.  As  the  sample  is  exposed  to  a  vacuum,  the  adsorbed  sur** 
face  film  is  stripped  away  to  some  lesser  extent  depending  on  the  de¬ 
gree  of  surface  cleanliness  of  the  soil  grains.  As  a  result  of  this 
change  in  surface  film,  the  Van  der  Waals  forces  will  increase  and 
the  possibility  exists  that  atomic  bonding  may  occur  at  isolated  spots 
throughout  the  soil  mass  where  two  grains  contact  at  asperities  and 
the  surface  film  has  been  completely  removed.  Ryan  (Ref  19:234) 
found  that  silicates  with  air-formed  surfaces  at  low  loads  in  vacuum 
showed  an  increase  in  cohesion  probably  caused  by  Van  der  Waals 
forces.  These  same  surfaces  at  higher  loads  showed  a  much  greater 
increase  in  cohesion  and  this  was  attributed  to  the  formation  of  much 
stronger  chemical  or  atomic  bonds.  Consequently  Ryan  has  found 
both  factors  to  be  at  work  in  the  soil  mass.  Vey  and  Nelson  (Ref  25) 
have  also  foimd  that  cohesion  increases  in  a  vacuum  and  feel  that  the 
effect  is  primarily  an  increase  in  Van  der  Waals  forces.  Ssdisbury 
and  Glaser  foimd  that  the  increase  could  be  from  either  chemical 
bonds  or  Van  der  Waals  forces  (Ref  20:81,  94).  Almost  all  of  the 
investigators  have  found  that  cohesion  does  increase  in  a  vacuum  but 
as  already  shown  they  are  not  in  agreement  as  to  what  is  the  cause  of 
the  increase.  In  any  case,  cohesion  most  likely  was  a  factor  in  pro¬ 
ducing  the  differences  between  the  atmospheric  and  vacuum  test  data 
for  this  experiment. 
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4.  Friction  forces.  The  frictional  forces  flsat  are  developed  in 
the  soil  mass  during  &e  test  are  essentially  of  too  kinds.  First  is 
the  interparticle  friction  between  individual  soil  grains  and  second  is 
the  frictional  interaction  of  the  soil  mass  with  the  boundaries  of  the 
container.  The  grain-grain  friction  is  an  inherent  property  of  any 
granular  mass  and  is  simply  Sie  frictional  resistance  of  die  grains  as 
they  are  subjected  to  forces  in  an  attempt  to  move  one  grain  relative 
to  ano&er.  This  frictional  property  will  certainly  change  as  die  va¬ 
cuum  level  is  changed  because  of  the  change  in  the  nature  of  die  ad¬ 
sorbed  surface  film.  The  change  in  the  infernal  frictional  properties 
has  been  observed  by  several  investigators  to  increase  (Refs  25,  23, 

9.  26).  This  phenomena  was  also  involved  in  the  tests  conducted  in 
this  study  and  thus  is  a  contributor  to  the  observed  differences  seen 
between  the  atmospheric  and  vacuum  test  data.  The  other  frictional 
phenomenon  diat  is  at  work  is  die  effect  of  changes  in  frictional 
forces  at  the  container  boundary  on  changes  in  calculated  stiffness  of 
the  soil  sample.  The  soil  container  and  die  tamper  were  designed  so 
that  physical  contact  between  the  two  was  not  permitted.  For  the  tests 
conducted  the  tamper  was  about  O.IO  in.  from  the  wall  of  the  soil  con¬ 
tainer.  As  the  load  was  applied,  frictional  shear  forces  created  be¬ 
tween  the  soil  and  the  wall  reduced  the  effective  pressure  seen  by  the 
soil  sample.  Also  the  soil  grains  along  the  bottom  of  the  container 
would  have  a  tendency  to  move  as  the  result  of  shear  forces  developed 
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in  ttai  region.  These  forces  would  develop  because  the  soil  grains 
would  attempt  to  move  out  from  under  file  applied  load.  If  movement 
occurred,  it  would  increase  the  void  ratio  of  fiie  soil  in  the  region  of 
the  grain  movement  and  thus  file  soil  would  not  respond  along  the  bot> 
tom  of  file  container  as  it  would  in  an  ideal  one  dimensional  com" 
pression  test.  These  effects  were  created  by  the  geometry  of  ihe  test 
apparatus  and  were  not  a  property  of  the  soil.  As  the  vacuum  level 
increased,  the  frictionai  resistance  at  the  boundaries  increased  and 
consequently  the  ability  of  fiie  wail  to  carry  a  larger  share  of  the  load 
increased,  and  the  resistance  to  shear  on  the  bottom  increased.  These 
effects  fiien  would  contribute  to  ihe  observed  differences  between  the 
atznosi^ieric  and  vacuum  test  data. 

In  summary,  of  the  forces  at  work  in  the  soil  mass  opposing  the 
application  of  an  external  compressive  load,  only  three  can  account 
for  the  observed  differences  between  the  atmospheric  and  \’acuum 
data.  These  are  the  cohesion  of  the  soil,  the  interparticle  friction, 
and  the  effects  of  the  boundaries  of  the  container.  Of  these  three 
only  the  boundary  effect  is  undesirable  since  it  arises  from  the  expe- 
ri  mental  apparatus  and  is  not  a  natural  response  of  the  soil.  If  the 
effect  of  the  boundary  could  be  eliminated  from  the  observations, 
fiien  the  observed  difference  could  be  related  only  to  an  increase  in 
cohesion  and  interparticle  friction.  With  the  type  of  experiment  that 
was  conducted,  it  was  not  possible  to  separate  or  isolate  the  individual 
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effects  of  cohesion  and  interparticle  friction.  An  attempt  was  made 
however  to  place  limits  on  the  boundary  effect. 

Boundary  Effects 

Although  the  boundary  effects  could  not  be  eliminated  either 
experimentally  or  &eoretically»  an  attempt  was  made  to  determine 
an  upper  limit  for  the  magnitude  of  their  influence.  Several  tests 
were  conducted  on  the  Instron  in  atmosphere  with  several  types  of 
containers.  Tests  were  rtm  with  a  stainless  steel  container,  a  teflon 
container,  and  a  teflon  container  with  an  aluminum  foil  bottom.  These 
tests  permitted  changes  in  the  frictional  properties  of  tiie  wall  and 
the  bottom  and  combinations  of  each  to  determine  the  degree  and  mag¬ 
nitude  of  the  frictional  resistance  of  the  walls  and  the  bottom  of  the 
container.  Teflon  was  used  because  it  has  the  lowest  coefficient  ol' 
friction  of  ainy  known  solid  (Ref  3:113).  Consequently  the  teflon  con¬ 
tainer  represented  the  lowest  possible  frictional  response  at  the 
boundaries.  The  results  of  these  test  with  the  steel  and  the  teflon 
containers  are  shown  as  the  appropriate  two  curves  on  Figs.  6 
through  10.  The  resulting  e-P  plot  for  the  teflon  container  is  always 
below  the  corresponding  plot  for  the  steel  container.  This  is  the 
anticipated  result  because  of  the  reduced  frictional  response  at  the 
boundaries  of  the  teflon  container.  The  resulting  plot  for  the  alumi¬ 
num  foil  bottom  is  not  shown  in  these  figures  but  it  fell  intermediate 
to  the  curves  for  the  steel  and  teflon  containers  leading  to  the  con- 
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elusion  that  in  the  teflon  container  without  foil  some  movemeiit  of 


soil  was  cccuring  along  the  walls  and  on  the  bottom.  It  could  not  be 
determined  if  the  same  movement  was  occuring  in  the  steel  container 
but  it  was  felt  that  it  was .  This  possible  movement  of  soil  grains  is 
a  major  deviation  from  the  standard  one  dimensional  test  and  has  an 
effect  on  the  results.  Nevertheless  since  all  conclusions  are  based  on 
comparisons  of  test  data,  only  when  the  boundary  conditions  differed 
from  test  to  test  would  they  affect  the  conclusions  drawn.  Frictionail 
forces  developed  at  the  boundaries  were  different  for  tests  in  vacuum 
than  for  tests  in  air.  Therefore,  determination  of  the  magnitude  of 
the  change  in  the  frictional  response  of  the  boundary  of  the  steel  con¬ 
tainer  between  the  air  tests  and  the  vacuum  tests  would  permit  con¬ 
clusions  to  be  drawn  that  were  not  functions  of  the  container  bounda¬ 
ries.  The  precise  determination  of  that  magnitude  was  not  possible 
but  an  upper  boimd  of  its  effect  was  found.  The  method  used  to 
determine  this  upper  bound  was  rather  indirect  and  is  discussed  at 
length  in  Appendix  F.  The  resiilt  of  this  determination  was  to  lower 
the  vacuum  compressibility  curve  to  account  for  the  increased  fric¬ 
tional  response  of  the  boundaries  under  vacuum.  This  lower  limit 
on  the  vacuum  compressibility  curve  is  shovTi  in  Figs.  6  through  10 
as  a  dashed  line.  For  samples  of  the  same  initial  void  ratio  the  dif¬ 
ference  between  this  curve  and  the  e-P  curve  for  a  sample  tested  in 
air  can  be  attributed  to  changes  in  interned  friction  and  soil  cohesion. 
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Rcciilts 

Figs.  11  and  12  indicate  die  dependency  of  the  ircdnme  coo^res* 
sibilitjr  on  Ihe  initial  void  ratio.  These  figures  have  taken  two  values 
of  final  loads  of  40  and  60  psi*  respectively,  and  an  initial  load  of  0 
psi,  and  have  plotted  the  variation  of  hiv  Oi*  Each  data  point  on 
these  plots  represents  an  e-P  curve  using  the  steel  container.  As 
die  initial  void  ratio  increases  from  1.1  to  2.0  the  coefficient  of  vcA- 
ume  compressibility.  My,  increases  in  almost  a  linear  fashion.  Even 
though  die  increase  in  11^  is  nearly  linear,  it  does  appear  to  level  off 
at  an  ej  near  1.90.  Tests  at  values  of  e|  larger  dian  2.00  were  not 
made  so  that  diis  tendency  to  level  off  could  not  precisely  be  deter¬ 
mined.  The  dependence  of  My  on  e^  does  not  appear  to  be  a  function 
of  die  ambient  pressure  level  since  the  same  general  shape  and 
slope  of  curves  was  obtained  for  tests  performed  at  bodi  levels  of 
ambient  pressure.  These  results  are  in  agreement  with  Hendron 
(Ref  10:58)  ana  Schultz  and  Moussa  (Ref  21:336).  This  direct  depen¬ 
dency  of  My  on  ej^  is  the  type  of  dependency  diat  would  be  eiqiected. 
The  higher  die  initial  void  ratio  is  the  looser  the  packing  configiir- 
ation  of  die  soil  mass  will  be.  This  loose  state  represents  an  unsta¬ 
ble  configuration  and  the  application  of  an  external  load  tends  to  force 
the  soil  grains  to  a  more  stable  and  denser  configuration  (Ref  14:151). 
In  conclusion,  the  variation  of  with  e.  is  almost  directly  linear 
with  but  appears  to  be  leveling  off  as  e^  approaches  2.0. 


35 


«sr/ac/s^ 


m 

> 


o 

Ul 


CM 


36 


GSF/UCfi^^ 


TW  depradracf  of  o*  &e  ambieot  i>rrssare  is  illastrated  by 

Fifs.  6  fkroofb  iS  aad  Fifs.  i  1  aiad  i2.  TW  data  of  Fif .  9  is 

scalatiwr  of  all  of  die  data  taken  from  tW  experiments.  TWse  foar 

trstL  plotird  in  Pif .  9  oeie  all  for  soil  samples  of  an  iaitia]  void 

ratio  near  1.70.  Attentsoa  is  draw  to  4ke  too  tests  performed  in  Sbe 

_10 

Tiacoom  cbamber  at  10  Torr  ana  atmospberic  pressure.  TW  only 

parameter  Ckat  oas  vanei  between  ibese  two  tests  «as  &e  ambien* 

pressnre  Ic^l;  b«t  obea  flbe  compressibility  tests  were  performed. 

&e  resnltinf  e-P  oBrees  wre  widely  separated.  Tbis  separation  is 

sbowB  ia  Pig.  0.  TW  carves  start  at  foe  same  point.  tW  rood  ratios 

drop  oH  at  decreasing  rates  natU  foe  applied  Soae  reaches  foe  15  to 

20  psi  range,  aad  foea  foe  void  ratios  tend  to  decrease  wifo  little 

•10 

cfnangr  ia  ra»e  to  a  load  of  bO  psi.  For  foe  IG  Torr  piof  tW 
total  decrease  ia  foe  void  ratio  mas  sigri'5icaot2y  less  foan  for  foe 
atmospheric  plot.  TW  dependence  of  on  ambient  pressure  is 
also  sbovm  an  Fifs.  11  aad  12  by  for  fact  foat  data  points  for  atmos- 
pberic  and  vacoum  tests  fail  on  two  different  lanes.  The  ccmparable 
e-P  curves  of  Fig.  9  indicate  foat  foe  compressibility  decreases  as 
foe  ambient  pressure  decreases.  Tbis  is  true  because  foe  soil  be¬ 
comes  stiffer  in  the  vacuum  and  *s  better  able  fo  resist  as  af^lied 
load  and  thus  it  is  compressed  less.  This  decrease  iu  compres¬ 
sibility  can  oe  seen  in  Figs.  11  and  12  by  foe  lower  position  of  foe 
vacuum  data  on  foe  graph.  The  decrease  in  M  with  an  ambient 
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>10 

pressore  rtunfr  from  otatosplieric  to  10  Torr  4oes  aot  mppemr  to 

▼ory  sifoilicaiiiflir  wiA  e-.  la  Fif.  12  betweca  atetospWric  mmd 

lO'^^  Torr  tests  decreased  appitndnuitely  0.0015  ia  ^/ib  for  aa  e|  = 

1.20  aad  approxiiaately  0.0010  ia^/lb.  for  aa  e|=  2.00.  TUs  repre- 

seets  a  perceat  decrease  ia  14^  of  75%  for  ej  =  1.20  aad  10%  for  e- £ 

2.00.  IW  esplaaatkMi  for  flds  depeadeacy  of  11^  oa  flie  aadieat  pres> 

sare  lerel  ia«ol«es  a  coo^ez  iaieractioa  of  several  forces.  T1»e  ef> 

feet,  bo  merer,  seeois  to  depead  aaore  oa  &e  sarface  deaaliaess  of 

flbe  fraias  toaa  oa  ttte  absdate  racuaas  level  altooagb  flMse  too  are 

laterrelated.  Tbis  mas  evident  from  toe  results  of  Data  Raa  #7, 

Oanaf  toe  pampdovni  phase  of  tois  test  a  leak  developed  vtoicb  pro> 

>10 

balrited  toe  attaiameat  of  »  19  Torr  vacaons  altooa^  toe  system 

mas  baked  oat  for  26  boars  aad  Ike  sample  mas  baked  iadivadaally 

for  tmo  boors.  Under  toese  bakixsf  cooditioBs  toe  sample  mas  as 

ciean  or  cleaner  than  tbe  other  scmples  tested  at  Torr  but  toe 

— s 

vacoom  level  mas  in  toe  10  Torr  range.  Tbe  results  of  tois  test 

mdscate  &at  toe  soil  behaved  toe  same  as  the  soil  in  toe  otoer  1C~^^ 

-8 

Torr  tests  and  not  at  all  like  otoer  soil  samples  tested  at  10  Torr. 
-8 

The  other  10  Torr  tests  mere  performed  mitoout  any  bakeout  on 
toe  system.  Therefore  the  surface  ciean'iness  that  resulted  mas  caly 
that  due  to  toe  stripping  amav  of  the  surface  adsorbed  film  by  the 
creation  of  toe  vacuum  at  room  temperature.  The  effect  of  tois  va¬ 
cuum  le\*el  on  as  compared  to  atmc.ftocric  tests,  was  not  signi- 
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ncaat.  Ernni nation  of  Fig.  12  nliicii  sltows  fiie  ▼nriation  of  on 

for  ambient  presscres  of  atmosf^re  and  10***  Torr.  indicates 

fliat  the  Torr  data  falls  someeihat  belov  the  atmospheric  data 

bat  flke  differences  involved  are  wifliin  the  experimental  error.  Thns 

the  efiect  of  a  10  Torr  vacnnm  oithoat  bafceont  on  d»e  corapres* 

sibilitjr  of  die  soil  oas  fonnd  to  be  non-existaat;  or  if  it  did  exist,  it 

mas  below  the  sensitivity  of  die  iastrumentation.  These  resoSts  are 

consistent  with  die  mporfc  of  Waters  who  worked  in  a  10*^  Torr  en- 

o 

vironmeat  widt  last  a  150  C  hakeoot.  He  noted  no  effect  on  die  shear 
strengdi  of  amorphous  soUd  (Ref  27:101}.  Becaose  of  these  early 
results  in  die  10"*^  Torr  tests,  no  fordier  tests  were  performed  utxier 
these  roaditiotts.  In  cosatciusion  it  seems  diat  the  most  important 
parameter  affectii^  die  coaapresiinlity  mas  die  degree  of  surface 
Cleanliness  of  the  individoal  particles.  The  tvro  ‘ntemal  forces  that 
are  most  dependent  on  the  degree  of  surface  cleanliness  are  the  in** 
ter-panicie  friction  and  the  soil  cohesion.  It  mras  aj^iarectly  an  in¬ 
crease  in  these  tmo  forces  that  caused  the  observed  decrease  in  M^. 
It  could  Qo;  be  determined  if  the  increased  cohesion  was  the  result 
of  an  increase  in  Van  der  Waals  forces  or  if  some  localized  atomic 
bandins  bad  occurred.  Also  separation  of  the  effects  of  internal  fric¬ 
tion  and  cohesion  couid  net  be  made. 

The  feictionej  effects  of  the  boundaries  appeared  to  increase  in 
magnitude  as  the  initial  void  ratio  decreased.  On  Figs.  6  through  10 
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flie  separation  of  fbc  two  carves  for  the  tests  on  the  Instron  in  &e 
steel  and  flie  teflon  containers  gives  a  qualitative  measure  of  ttie 
fricti<Hial  response  at  &e  boundaries.  Ccmparii^  fliese  carves 
for  an  e|=  1.15.  Fig.  6.  and  and  1.70,  Fig.  9.  flie  separation  for  Sie 
smaller  valtw  of  is  std>slantialiy  flie  larger  of  the  too.  This 
ooold  imply  that  Cie  change  of  Che  frictional  characteristics  of  fihe 
bowadary  for  the  samples  widi  the  lower  imtial  void  ratios  had  a 
naore  significani  effect  on  tee  state  of  stress  in  tee  soil.  The  ap¬ 
parent  explanation  for  this  is  that  tee  more  dense  samples  were  able 
to  transfer  mare  of  the  verti^  pressure  to  tee  side  walls  closer  to 
the  top.  As  tee  load  was  applied,  some  pressure  was  distributed  from 
the  surface  of  tee  soil  to  the  walls  at  some  depth  below  the  surface. 

In  tee  denser  sam|des,  this  load  reached  higher  up  on  the  wall  and 
a-3  a  result  the  wall  carried  more  of  the  afqdied  load  and  reduced  the 
effective  pressure  on  the  so’i.  An  alternative  explanation  for  tee  ob¬ 
served  increase  in  frictional  effects  at  boundaries  with  decreased 
void  ratio  can  be  offered.  There  may  have  been  a  greater  tendency 
in  the  denser  samples  for  the  soil  to  move  adjacent  to  tee  container 
boundaries.  As  the  imtial  void  ratio  increased,  it  was  apparently 
easier  for  the  soil  grains  to  move  relative  to  each  other  than  to 
shear  along  the  boundaries.  Consequentiy  there  was  greater  move¬ 
ment  along  the  boundaries  of  the  container  for  the  more  dense  sam¬ 
ples.  Either  or  both  of  these  alternative  mechanisms  could  be  ope:  - 
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ative  in  die  soil  mass  and  could  have  produced  die  observed  results. 
Fordier  examination  of  die  Instron  tests  in  steel  and  in  teflon  con¬ 
tainers  in  Fig3.  6  dirough  10  indicates  the  frictional  eflect  seems  to 
be  larger,  percentagewise;  up  to  loads  of  20  psi.  At  loads  of  greater 
than  20  psi  Sie  effect  of  the  friction  seemed  to  level  off  at  some  <»n- 
slant  per  cent  of  the  apfdied  load.  This  corresponds  with  die  results 
of  Leonards  and  Giraolt  who  found  that  an  appreciable  amount  of  side 
t fiction  develops  in  the  initial  compression  stage  and  tiiereafter  con- 
sinues  to  increase  at  a  decreasing  rate  (Ref  15:216).  Their  tests 
were  performed  with  sand  in  a  one-dimensional  consolidometer. 
Frictional  effects  are  present  in  almost  any  form  of  the  one  dimen¬ 
sional  compression  test.  They  must  be  understood  before  test  re¬ 
sults  can  be  interpreted  and  then  applied  to  predict  response  of  soil 
to  loading  in  the  field. 

The  possible  modes  of  failure  of  a  soil  in  a  vacuum  environ¬ 
ment  are  essentially  two.  The  soil  can  either  fail  in  shear  or  in 
compression.  The  shear  failure  wrili  result  i’  he  plastic  flow-  of 
soil  from  under  the  load  to  regions  of  less  applied  pressure  while 
tlie  compressive  failure  will  be  common  to  loose  material  where  the 
soil  will  deform  under  the  load  without  any  plastic  flow  but  witli  the 
development  of  a  straight-w-alled  failure  area  in  the  soil  (Ref  9:3). 
The  soil  that  was  tested  in  this  investigation  tended  to  fail  in  both 
shear  and  compression;  however,  the  failure  was  predominantly  a 
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compressive  one.  Examination  of  Fig.  14,  tne  soil  sample  before  tes¬ 
tily.  and  Fig.  15,  the  soil  sample  after  testing,  indicates  flae  compres¬ 
sive  mode  of  failure.  These  Hgnres  are  for  an  atmospheric  test. 

Some  plastic  behavior  was  noticed  in  fliat  tiae  soil  on  the  surface  was 
iKilged  iq'  at  the  end  of  a  test.  This  occured  only  for  the  tests  of  flae 
material  of  flae  lower  initial  void  ratios.  This  bulging  was  extremely 
"  Tiall  and  was  visually  estimated  to  be  less  than  0.01  in.  measured 
relative  to  fiae  top  of  ttae  container  wall.  For  the  material  of  an  in¬ 
itial  void  ratio  greater  flaan  1.50,  this  bulging  was  not  noticed  but  the 
failure  appeared  to  be  purely  compressive  although  there  may  have 
been  some  shear  failure  in  the  soil  mass.  The  fact  Oiat  tiae  straight 
wall  failure  mode  was  observed  in  all  tests  under  all  conditions  es¬ 
tablished  that  the  compressiare  mode  avas  the  dominant  failure  mecha¬ 
nism. 
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IV.  Conclusions  and  Recommendations 


Conclusions 

The  following  conclusions  were  drawn  from  the  experimental 
work  performed; 

1.  The  compressibility  of  the  rock  powders  increased  as  the 
initial  void  ratio  increased.  This  increase  was  essentially  linear  un* 
til  it  appeared  to  reach  an  upper  limit  at  approximately  an  initial 
void  ratio  of  1.90. 

2.  The  compressibility  of  the  powders  was  not  a  function  of 

—8 

a*:;bient  pressure  between  atmospheric  pressure  and  10  Torr  un¬ 
less  some  means  of  increasing  the  degree  of  surface  cleanliness  was 
imposed. 

3-  An  increase  in  compressibility  of  powders  is  observed  in 
experiments  between  ambient  pressures  of  10*^®  Torr  and  atmos¬ 
pheric.  This  change  was  apparently  induced  by  creating  a  higher  de¬ 
gree  of  a  surface  cleanliness  on  each  soil  grain,  which  in  turn  had 
two  important  resiilts: 

a.  An  increase  in  the  grain-grain  frictional 
resistance. 

b.  An  increase  in  the  soil  cohesion  from  either 
an  increase  in  the  Van  der  Waals  forces,  or 
isolated  chemical  bonding,  or  both. 

The  total  decrease  in  the  coefficient  of  volume  compressibility  was 
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essentially  constant  so  tiiat  the  per  cent  decrease  in  My  from  an  en* 
vironment  of  air  to  10“^®  Torr  was  75%  for  ej=  1.20  to  16%  for  e^s 
2.00.  The  lO*^®  Torr  environment  increased  the  stiffness  of  flie  soil 
so  that  it  could  wi&stand  larger  applied  loads  for  die  same  volume 
change  as  in  air. 

4.  The  failure  mode  of  tiie  soil  was  in  bodi  shear  and  compres¬ 
sion  with  the  compressive  failure  dominant.  For  an  initial  void  ratio 
greater  dian  1.50,  no  shear  failure  was  observed. 

Re  commendations 

There  are  a  number  of  recommendations  for  continued  study  in 
the  area  of  this  analysis. 

1 .  As  the  vacuum  results  were  accumulated,  it  became  appa¬ 
rent  that  there  was  insufficient  information  as  to  how  diese  powders 
behaved  in  an  atmospheric  environment.  A  much  more  intelligent 
approach  to  the  problem  could  have  been  taken  if  more  were  known 
on  the  atmospheric  behavior  of  these  powders.  Consequently  the 
most  immediate  recommendation  would  be  to  conduct  extensive  tes¬ 
ting  of  the  powders  under  atmospheric  conditions  to  determine  tiieir 
mode  of  beha\HLor.  Specifically  tests  could  be  run  insuring  the  condi¬ 
tion  of  no  lateral  strain,  the  geometry  of  the  container  and  the  tamper 
could  be  varied,  the  soil  should  be  tested  to  higher  values  of  applied 
loads,  the  effects  of  the  frictionad  properties  of  the  container  need 
to  be  isolated,  and  finally,  loading,  unloading,  and  reloading  cycles 
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covAd  be  ra  to  detormiae  ibe  capacity  oi  &e  ntatoriai  to  store  eserffr- 

2.  A  bettor  desire  oi  a  force  soeasariaf  device  vtoald  be  desi* 
raMe  for  tbe  vacaam  cbassber  apparatas.  Tbis  was  perhaps  ibe  least 
precise  featcre  of  the  vacotos  tostiaf  altboaflk  it  oas  sabstaatiaied  bjr 
Ibe  resaits  of  toe  ^'*sta  oa  toe  iastroa. 

3.  No  eSort  sKas  aiiidt  to  deieiBaae  toe  efiect  of  variriaf  de* 
frees  of  eaposare  tiaae  to  toe  vacaan,  oo  toe  ceeapr  e ssibOiry  of  toe 
sarapSe.  Tbis  aoaid  belp  drtormiae  toe  defree  of  sarface  cSeaaSiaess 
toat  aas  obtaiaed  iaitiaSly  as  toe  ■aciaaTP,i  aas  creatod  aad  bovr  smseb 
sdifit1~ia>l  faia  ooald  exist  as  toe  expooare  to  toe  vaexaea  leaftoeced. 

fbe  estabtisbaarat  of  aay  tfpe  of  pennaarat  stractare  oc  toe 
laaar  sarface  eall  reqei^e  aa  iatizsate  baoaiedfe  of  fbe  setllenies?t 
cbaracleristics  of  toe  materia^  oa  aad  aear  toe  sarface.  If  s-scb  a 
kroaiedge  *s  to  be  obtaiaed,  a  better  asderstaadiaf  of  toe  behavior 
of  fraaedar  material  compressed  ia  a  vacoom  enriro-ssect  wi’l  be 
aeeded. 
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Appendix  A 

Conwniiwticn  of  Bxsxlt 

The  process  of  prepnrinf  flie  ponder  nsed  doling  flie  test  con* 
sisted  of  oommiisattag  b^ssltic  rocks  in  a  shaker  box  with  an  outside 
diameter  of  H  is.  and  *Qade  of  4140  steel  nhicfa  had  been  toafhened 
and  hardened.  The  box  is  sbosm  is  Fif.  16. 

Approximately  200  grams  of  one  incii  or  less  rocks  nere  placed 
between  flie  two  moveald*  rings  inside  malls  of  the  box.  Then  a 
neoprene  gasket  mas  fdaoed  over  Oie  top.  fte  lid  mas  bolted  domn.  and 
0ie  inside  of  fl»e  box  mac  fleshed  mi ii  argon  by  tmo  gas  ports  in  the 
top  of  flie  lid.  The  shaker  box  mas  then  bolted  to  a  one  dimensional . 
sinusoidal  input  shake  table  and  vibrated  at  12.5-t-O.S  cps  mith  a  dis¬ 
placement  of  0.30 4’ 0.02  inches.  Hus  iiqmt  produced  an  average  ac¬ 
celeration  of  about  2.S  g*s.  Approximately  one  hour  of  shaking  time 
produced  about  40  grams  of  pomder  passing  a  #250  sieve. 

The  powders  were  derived  from  die  outer  surfaces  of  the  rocks. 

o 

Since  die  rocks  were  baked  at  600  C  for  45  hours  pi-ior  to  grinding 
and  then  stored  in  a  sealed  container  with  a  dessicated  atmosphere, 
the  outer  s’lrfaces  of  the  rocks  were  essentially  n-.oisture  free.  Con¬ 
sequently,  the  moisture  in  the  resulting  powders  was  kept  to  a  mini¬ 
mum. 

A  hydrometer  analysis  of  the  powders  was  performed  and  the 
results  are  shown  as  Fig.  17.  Some  photomicrographs  of  the  grains 
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<9ere  Iry  ttte  Air  Force  Material*  Lab>  Wri|>»t-Patter*^  AFB» 

and  t«o  of  Oiefte  are  shown  as  Fig.  IS- 
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Fig.  16  Shaker  Box 
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Appendix  B 

Mineralogy  of  &e  Rocka  Tested 

The  rocks  ttiat  were  comminuted  to  produce  tiie  powders  tiiat 
were  tested  were  furnished  by  Dr.  Thomas  Atcheson  of  the  U.S.  Bu¬ 
reau  of  Mines,  Twin  Cities  Mining  Research  Center.  These  rocks 
were  selected  because  they  are  one  of  Green*s  standards  for  lunar  re¬ 
search  (Ref  8)  and  also  because  dieir  composition  closely  approximates 
die  results  of  the  alpha  scattering  ei^ierli-ients  of  Surveyor  V,  VI, 
and  Vn.  A  comparison  of  the  results  of  Surveyor  V,  VI.  Vn,  and 
Green’s  standards  are  given  in  Appendix  E.  The  information  given 
below  was  compiled  by  the  Bureau  of  Mines  and  was  taken  from  Fo- 
gblson  (Ref  5:80-81). 

Content 

Plagioclase  (39%)  NaAlSi30g  -  CaLl2Si20g 

Two  types:  Largest  grain  size  approximately  0.15 
mm  X  0.03  mm 

Smallest  grain  size  approximately 
0.10mm  X  0.025mm 

Olivine  (10.5%)  Fe^SiO^  ;  Mg^SiO^ 

Average  grain  size  approximately  0.04mm  in  di¬ 
ameter 

Augite  (10.5%)  (Ca,  Mg,  Fc^^,  Ti,  Al)2(Si,  Al)2  Og 
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A— lysi*  of  Force  Meesoriat  Derice 

Descripteoe 

TW  Sorcc  Acasoriac  Aersce  coosists  of  a  system  of  stainless 

steel  arms,  levers,  aad  rods  oUck  vkss  treated  as  a  stiff  sftriog.  Tbe 

overall  sprite  coostaM  of  Ike  system  mas  detemdaed  and  flie  system 

Stas  calibrated  by  compnrisoo  «itb  Cbe  force  as  determined  by  a  pres-^ 

sore  transdccer.  Initially  an  attempt  nas  made  tc  find  a  transdccer 

or  Wad  cell  &at  mas  oommercially  available  &at  mould  serve  4ie  in* 

tended  porposc.  Tbe  specifications  for  ttiis  device  oere  sensitivity 

oa  tbe  0*50  lb.  rapfe.  capable  of  operafion  in  an  ultrabi^  vacmim.  on* 

o 

afiected  by  exposore  temperatitres  to  200  C.  and  retention  of  its  sen* 
sitirity  asd  accuracy  after  repeated  exposure  to  these  environmental 
coneitioes.  No  such  product  was  found.  Pressure  transducers  mere 
eliminated  because  dieir  output  signal  is  a  change  in  capacitance  and 
thai  type  cf  signal  would  be  lost  when  transmitted  through  the  chamber 
wall  on  passing  through  tvso  umnsolated  wires.  Load  cells  that  could 
meet  the  specifications  corJd  not  be  found. 

The  spring  system  is  showm  in  Fig.  19.  The  linear  motion  feed* 
through  of  &e  vacuum  chamber,  as  shown  in  Fig.  20,  was  capable  of 
a  total  horizontal  travel  of  I  in.  The  drive  mechanism  consists  of  a 
knob  permitting  0.1  in.  of  travel  per  revolution.  A  digital  counter 
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geared  u>  ffae  drive  mechanism  read  out  die  travel  to  0.001  in.  widiin 
1%  accuracy.  Aadal  loads  of  up  to  100  lbs.  and  vertical  loads  of  3  lbs. 
were  possible.  The  operating  conditions  for  the  experiments  con¬ 
ducted  were  axial  loads  of  less  than  SO  lbs.  and  shear  loads  of  essen¬ 
tially  zero.  The  connecti  in  between  the  feedthrough  and  the  lever 
system  was  a  bearing  connection  to  minimize  these  shear  loads.  The 
feedthrough  was  die  limiting  factor  in  die  maximum  allowable  bakeout 
temperature  since  it  could  not  be  exposed  to  temperatnres  greater 
than  200°  C. 

The  system  of  lever  arms  was  constructed  of  18-8  stainless 
steel,  3/4  in.  tubing.  They  were  welded  together  and  all  joints  were 
rigid  connections.  The  counterweight  was  suspended  to  offset  the 
weight  of  die  device  so  diat  when  no  load  was  applied  the  tamper 
would  be  suspended  in  mid-air.  A  1/4  in.  shaft  passed  through  the 
pivot  point  and  was  the  point  abort  which  die  system  rotated. 

The  tamper  wins  the  device  that  applied  die  pressure  tc  the  sur¬ 
face  of  die  soil  sample  and  was  fastened  loosely  under  the  force  arm. 
It  had  free  travel  within  a  3/8  in.  diameter  circle  in  a  plane  parallel 
to  die  force  arm  but  remained  in  contact  wdth  the  underside  of  ffae 
force  aim  at  all  times.  The  face  of  die  tamper  was  51/64  in.  in  dia¬ 
meter  and  was  made  from  2024  aluminum. 

Calibration 

The  calibration  consisted  of  essentially  three  steps.  First  die 
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amount  of  travel  of  ffae  tamper  for  a  given  input  to  tiie  feedttirough  was 
determined.  Second  tiie  amount  of  force  applied  to  a  practically  rigid 
object  for  a  given  input  to  Ihe  feedthrough  was  determined.  Third  and 
finally,  the  results  of  the  first  two  steps  were  used  to  determine  flie 
force  applied  to  a  soil  sample  while  ttiat  same  force  was  measured 
wibi  a  pressure  transducer  to  determine  the  accuracy  of  tiie  system. 

The  free  space  travel  of  ihe  tamper  was  determined  by  repeated 
trials.  Each  time  the  vertical  displacement  was  measured  with  the 
cafiietometer  which  eras  used  in  tiie  actual  experimentation.  The  re¬ 
sults  of  fiiis  work  were  that  for  88  trials  of  an  input  on  the  fecdflirough 
of  0.025  in.  Oie  average  vertical  displacement  in  the  tamper  was  0.34 
mm.  A  90%  confidence  interval  yielded  an  average  of  0.34Hh 0.005mm. 
This  data  was  determined  wriOi  the  apparatus  in  the  same  configu¬ 
ration  that  was  used  for  the  tests. 

The  amount  of  force  delivered  by  tiie  tamper  was  calculated  by 
placing  a  1  in.  solid  steel  cylinder  under  the  tamper  and  putting  a 
Kistler,  Model  701  H  quartz  pressure  transducer,  under  the  steel 
cylinder.  The  ou^ut  of  the  transducer  was  fed  to  a  strip  recorder 
\^ick  was  calibrated  and  checked  periodically  with  known  weights. 

The  output  of  die  transducer  was  a  small  capacitive  signal  which  was 
amplified  before  it  was  sent  to  the  recorder.  The  time  constant  of  the 
amplifier  could  be  varied  so  that  it  was  long  enough  to  record  the  sig¬ 
nal  before  it  died  out.  As  the  input  to  the  feedthrough  was  applied,  the 
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deformation  of  die  steel  cylinder  was  negligible,  and  die  foice  was 
transmitted  to  die  output  of  the  recorder.  This  process  was  repieated 
for  55  trials  and  the  average  resulting  force  was  2.50  lbs.  for  a  feed- 
dirough  input  of  0.025  in.  No  attempt  was  made  to  determine  error 
bounds  at  this  phase  because  tne  error  could  be  determined  exactly  by 
testing  a  soil  sample  with  die  transducer  underneath. 

A  sample  of  soil  was  then  placed  between  the  tamper  and  die 
transducer.  The  input  to  die  feeddirough  was  increased  by  0.025  in. 
for  each  increment.  At  each  increment  the  displacement  in  the  sample 
was  measured  by  reading  the  change  in  the  position  of  the  crosshairs 
of  the  cadietometer,  the  force  was  calculated  from  the  results  of  the 
previous  calibration  data,  and  the  force  was  read  out  directly  on  the 
strip  recorder  from  the  transducer.  Accepting  the  force  as  read  by 
die  transducer  as  the  true  value  of  force  seen  by  the  sample,  the  error 
associated  with  each  value  of  calculated  force  was  determined.  This 
process  was  repeated  four  times  and  the  results  of  the  first  test  con¬ 
stitute  Table  I.  In  this  table  column  (1)  is  the  readout  of  the  feed¬ 
through,  column  (2^  is  the  increment  of  increase  of  the  feedthrough, 
and  column  (3)  is  the  reading  of  the  cadietometer.  These  three  col¬ 
umns  represent  the  raw  data  of  the  experimental  work  done.  Column 
(4)  is  the  increment  of  increase  of  the  cadietometer,  and  the  summa¬ 
tion  of  this  column  represents  the  total  deformation  experienced  by 
the  soil.  Column  (5)  is  calculated  from  the  calibration  data  of  the 
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Tabis  I 

Calibration  last 


(1) 

(2) 

(5) 

(4) 

(5) 

(6} 

(7) 

460 

0 

28.64 

0 

0 

0 

0 

4?0 

10 

28.66 

0.02 

0 

495 

1 _ 

25 

29.07 

0.41 

0 

0 

25 

29.34 

0.27 

0.00510 

0.510 

1 

545 

_ 

25 

0.28 

j.02060 

■ffW 

0.440 

670 

25 

29.92 

0.50 

0.02210 

C.00290 

1 - 

0.290 

595 

_ 

25 

30.23 

0.31 

0.02280 

620 

25 

■  -  -  _ _ 

30.44 

0.21 

0.01550 

0.00950 

0.950 

645 

25 

30.64 

0.20 

0.01470 

0.01030 

1.030 

670 

t--- 

25 

30.82 

0.18 

0.01320 

mm 

1.180 

696 

25 

30.91 

0.09 

1^ 

— 

0.01837 

Ml—. 

1.837 

720 

25 

31 .03 

0.12 

0.00884 

0.01616 

1.616 

745 

25 

31 .12 

0.09 

0.01837 

1.837 

770 

— 

25 

U-, - 

51.18 

0.06 

0.00442 

0.02058 

2.058 

795 

25 

31 .26 

0.08 

0.00588 

0.01912 

1.912 

820 

25 

31 .32 

0.06 

0  J0442 

0.02058 

2.058 
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force  measured  on  the  transducer  as  the  true  force  seen  by  the  soil 
sample.  Tufo  immediate  observations  can  be  made.  First  the  error 
involved  is  totally  unpredictable  for  values  of  total  force  less  than 
1.50  lbs.;  second,  above  1.50  lbs.  the  error  is  less  than  10%.  These 
observations  remained  valid  for  the  rest  of  the  calibration  tests.  This 
initial  calibration  of  the  device  was  made  and  various  aspects  of  the 
system  were  checked  during  tiie  progress  of  the  experimentation.  All 
of  these  checks  indicated  that  there  was  no  change  in  these  original 
calibration  constants. 

4 

One  might  wonder  vdiy  such  a  technique  was  employed  to  mea¬ 
sure  forces.  A  portion  of  this  problem  has  been  discussed  in  explai¬ 
ning  tiiat  no  commercial  equipment  was  found  that  could  meet  the 
specifications  to  withstand  the  e3q>erimental  environment.  Additional¬ 
ly  tiiis  system  was  mechanically  simple  and  reliable.  It  easily  fit 
into  the  vacuum  chamber  and  presented  no  outgassing  problem  for 
the  vacuum  system. 

Elasticity  Analysis 

The  lever  arm  system  to  be  a  consistent  measuring  device  had 
to  operate  within  the  elastic  limit  of  c’1  of  its  elements.  The  arms 
were  made  of  18-8  stainless  steel  and  were  3/4  in.  tubing  with  a 
0.132  in.  wall  thickness.  The  maximum  moment  in  the  system  oc- 
cured  at  the  pivot  point  and  was  450  in-lbs.  This  value  assumes  a 
load  of  45  lbs.  applied  to  the  sample  which  exceeds  any  force  actually 
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Fig.  23  Moments  about  the  pivot  point 


used.  Using  the  equations  of  classical  elasticity  the  stress  in  the 
tubing  at  the  pivot  point  was  18  ksi.  With  reference  to  Fig.  23,  the 

stress  concentration  factor  caused  by  the  presence  of  the  hole  is  2.3 

* 

(Ref  11:389).  The  ratio  of  the  diameter  of  the  hole  to  the  width  of 
tubing  is  l/3.  This  increased  the  maximum  value  of  stress  in  the 
tubing  to  41.2  ksi.  The  yield  point  stress  for  18-8  stainless  steel,  cold 
rolled,  is  165  ksi  (Ref  11:472).  Therefore  the  system  operates  well 
within  the  range  of  elastic  behavior. 


Changes  in  the  Spring  Constant 

There  is  the  possibility  that  the  overall  spring  constant  of  the 
system  changed  during  experimentation  as  the  vacuum  level  increased. 
This  could  have  occured  for  basically  two  reasons. 

1 .  The  friction  between  the  moving  parts  of  the  spring  system 
could  have  increased  in  the  vacuum.  There  were  essentially  two 
moving  parts;  the  shaft-arm  connection  on  which  the  force  arm  rotates 
and  the  contact  between  the  linear  motion  feedthrough  and  the  vertical 
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section  of  the  lever  arm. 

2.  The  lever  arms  were  made  from  3/4  in.  stainless  steel 
tubing  which  was  constructed  in  atmosphere  and  welded  shut.  The 
gasses  inside  the  tubing  were  at  atmospheric  pressure  and  remained 
at  that  pressure  at  all  times.  As  the  vacuum  level  increased  the 
lever  arm  experienced  a  uniform  pressure  exerted  equally  in  all  di¬ 
rections  from  tile  inside  out.  This  would  serve  to  increase  tiie  stiff¬ 
ness  of  the  lever  arms  and  tiius  the  spring  system. 

Both  of  these  phenomena  mentioned  above  would  have  a  tendency 
to  increase  the  stiffness  of  tiie  spring  system.  The  effect  tiiis  would 
have  on  the  resulting  e-P  curves  is  discussed  below. 

The  equation  for  the  force  resulting  from  a  deflection  of  a 
spring  is  F  =  Kx  where  K  is  flie  spring  constant. 

Consider  two  cases. 

Case  A.  Atmospheri:.  test 

K  =  Kj  and  is  measured  in  atmosphere  as  was  done  when  tiie 
spring  system  was  calibrated.  Consequently  all  tests  in  atmosphere 
were  within  the  accuracy  of  the  force  as  determined  by  the  calibration 
tests.  The  force  measured  and  the  force  seen  by  the  sample  will  be 
the  same  and  will  be 

F  =  Kx  =  KjX. 

Case  B.  Vacuum  test 

K  =  K2  and  K2  is  greater  than  Kj  because  of  the  increased  stiff- 
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vss  4nr  to  toe  fanmrten  saesitioax-S  to^«e.  Siace  «c  <5errertia» 

'Mks  tor  toe  i»rrees«  toe  spr»f  ooaastoM  toet  is 

essotoed  to  exist  is  Kj.  T^vetore  toe  torce  tost  is  ssjessmr*^  is  K|X 
iifcilr  toe  torcc  tost  toe  sxirayto  .kctaxlly  sees  is  K^x  axd  sisor  is 
freater  toaa  K|  toe  farce  tost  is  recorded  is  las  toax  toe  actxa!  force. 
if  toe  cerrecttoB  coale  W  toade  is  toe  e-P  cwmes  toe  data  poiets  of  toe 
vasxMto  data  ooaid  kaee  to  W  saiitod  to  toe  rif^at  ofeica:  oooid  texd  to 
increase  toe  seporalioo  be  toe*  a  toe  Terr  carve  a&d  toe  auoos* 

pfceric  caror.  Coose^aeadlfr  if  toe  stifloess  of  toe  spriaf  does  ixcrease 
a  siyaaficaad  aaacaat.  it  tradr  to  retece  toe  aa^iatade  of  toe  observed 
resalto  aad  not  aaaflifir  toeai-  Tke  resaifs  toea  are  a  cooservative  cs* 
titoato  af  toe  tr«e  carves  obex  coaurad.riraf  toss  aspect  aJoae. 


ElSects  Ta3^  Idoveaeeat 

Tbe  staialess  steel  table  oo  abicb  toe  sample  oes  tested.  Fig. 
24.  rested  toree  2  ia  flawgrs  aelded  to  toe  interior  of  tfee  va> 
caarrn  cbaissber.  TWsc  flaxfes  oere  3/4  ia.  toick  stainless  steel  and 
aere  loaded  as  a  cantilevered  beam  1  3/2  in.  from  toe  oeld  during 
toe  test.  Tbe  maximusa  stress  in  eacb  flange  vas  35  ksi  obicfa  is  less 
than  toe  yield  point  stress  for  toe  steel.  The  table  aas  secured  to 
toese  flanges  lo  prevent  movement  daring  toe  test;  hooever.  toe  pos> 
silnlitf  exists  0aat  toe  Sable  could  have  slipped  slightly  during  a  test. 
If  toi5  had  occured.  toe  verficai  crosshair  of  toe  catoetometer  abich 
aas  centered  os  toe  focusiEg  point  aroifld  have  moved  abruptly  off  that 
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point.  No  such  movement  was  observed.  Also  the  net  force  seen  by 
tfie  sample  would  be  reduced  because  of  the  force  dissipated  in  moving 
the  table.  The  true  e-P  curve  would  shift  tp  the  left  from  the  mea¬ 
sured  curve  thus  'ttie  measured  results  would  be  a  conservative  es- 
tima'^e.  However,  it  may  be  concluded  that  no  table  movement  large 
enough  to  affect  the  results  occured  since  it  would  have  been  ob¬ 
served  in  flie  scope  by  the  movement  of  the  vertical  crosshair  away 
from  the  focusing  point. 

Component  Specification 

The  tamper  moved  oit  the  arc  of  a  circle  and  not  in  a  straight 

o 

vertical  line.  The  average  angle  of  rotation  was  approximately  1 

o 

and  &e  maximum  rotation  was  2.3  .  With  such  small  angles  of  rota¬ 
tion,  the  average  travel  of  the  tamper  was  assumed  to  be  linear. 

The  cathetometer  was  motinted  on  a  tripod  outside  the  chamber 
and  was  capable  of  16  cm.  total  vertical  travel.  The  focusing  range 
with  the  adapter  attached  extended  from  60  cm.  to  infinity.  The  ver¬ 
nier  permitted  adjustments  to  0.01mm.  Using  the  cathetometer  in 
this  manner  the  axial  strain  or  deformation  in  the  sample  was  mea¬ 
sured  directly.  In  testing  soils  in  a  triaxial  test  apparatus  under  a  no 
lateral  strain  condition,  the  volume  change  can  be  measured  three  ways 
but  the  most  accurate  is  the  direct  observation  of  the  axial  strain  (Ref 
1:143).  Consequently  use  of  the  cathetometer  was  the  most  accurate 
means  available  for  measuring  volumetric  changes  in  these  tests. 
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The  precision  of  ttie  digital  counter  of  tiie  linear  motion  feef^* 
dirough  was  0.001  in.  ■>-  1%  of  total  motion.  The  accuracy  of  this  de** 
vice  far  exceeded  diat  of  the  catiietometer  and  die  error  introduced 
from  diis  source  was  ignored. 
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An>endix  D 

Raw  Data  aad  Sain|rfe  Calculations 

Raw  Data 

All  of  flie  raw  data  for  the  coadactcd  tests  is  incloded  in  tSus 
appendix.  Tables  m  tbron^  XIX  are  fte  data  taken  for  tke  tesL-  per* 
formed  in  the  vaconm  chamber.  TaUes  XX  fiirongh  XL  are  flse  data 
taken  from  the  Instron  tests.  Table  n  is  a  sommary  of  ali  of  fiie  tests 
performed  and  contains  comments  on  deviations  from  tfce  normal 
test  procedure. 

Sample  Calculations 

On  tables  in  through  XDC.  the  first  column  is  tfce  readout  of  tfce 
linear  motion  feedttzough  on  the  vacunm  chamber.  An  increase  of  one 
unit  corresponds  to  an  input  of  0.001  in.  of  horizontal  travel.  The 
second  column  is  the  reading  of  toe  microscope  or  cathetometer  which 
was  positioned  exterior  to  die  chamber.  The  cathetometer  scale 
reads  in  millimeters.  These  two  columns  represent  tise  data  taken 
during  any  test  on  the  chamber  am>aratus.  The  &ird  column  is  the 
void  ratio  and  this  value  is  computed  from  tfce  data  of  the  first  two 
columns  by  the  following  sequence  of  steps. 

Step  1.  The  increment  of  increase  in  the  cathetometer  is  com¬ 
puted  by  subtracting  the  previous  reading.  For  example,  if  the  scope 
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read  13.50  on  tke  inevioos  reafiaf  and  13.75  on  Oie  present  reading, 

Oie  iacrement  of  increase  opoold  be  0.25  nun.  Thi::  represents  fte  de- 
foimatiott  of  &e  soil  for  tkMt  increment  of  inpct. 

Step  2.  The  increment  of  in«.«£ase  far  eadi  input  is  added  to  die 
preeioQS  iacreoaent  so  that  die  total  deformation  of  die  soil  sample  for 
any  input  to  the  feeddunugb  is  kscun.  For  die  last  reading  on  the  feed** 
fCuon^  dus  ooold  represent  di»  total  deformation  of  the  so^  sample. 

Step  3.  Tbe  effective  height  of  the  sample  under  die  tamper  is 
computed  by  sobtracdog  the  smount  of  deformation  from  step  2  from 
die  original  height  of  die  container. 

Step  4.  The  ecdome  of  die  soil  under  the  tamper  that  is  being 
compressed  is  computed  by  taddng  the  effective  height  and  multiplying 
by  die  area  of  the  tamper. 

Step  5.  The  void  ratio  is  computed  in  the  following  manner: 

.  =  vy =  (v^,  -  v,)/v^  =  -  ' 

This  equation  assumes  diat  the  water  present  in  the  soil  occupies  ne  g** 
ligible  vo!vme,  which  was  the  <'ase  for  the  tests  performed. 

V  =  (area  of  tamper)x(effective  sample  height) 
tot 

V  =  (weight  of  soil)x(correction  factor) 

®  (density  of  the  solid  particles) 

The  soil  weight  was  determined  prior  to  the  test  by  weighting  the  soil 
and  container  on  an  analytical  balance.  The  density  of  the  solid  par- 
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tides  was  assiuned  to  be  the  density  of  die  rock  prior  to  comminution. 
The  correction  factor  was  a  geometric  factor  to  account  for  the  fact 
diat  the  weight  of  soil  that  was  under  the  tamper  was  less  than  the 
weight  of  die  entire  amount  of  soil  in  the  container.  This  correction 
factor,  CF,  was 


CF  =  Pradius  of  tamper  ^  F  weighv  t 
[_radius  of  container  I  enti 


ghv  of  the 
entire  soil  mass 


This  correction  factor  that  was  used  involved  a  basic  assumption 
in  the  calculation  of  the  void  ratio.  The  volume  of  soil  that  was  used 
to  compute  the  void  ratio  was  the  volume  directly  under  the  tamper 


Fig.  25  Reduced  Volume  Used  in  Calculations 

as  shown  in  Fig.  25.  By  applying  this  correction  factor  the  assump¬ 
tion  is  made  that  the  mass  of  soil  initially  in  that  reduced  volume  re¬ 
mains  constant  during  the  compression  of  the  sample.  This  would  re¬ 
quire  that  no  loss  of  mass  across  the  imaginary  boundary  would  occur 
and  that  no  shear  forces  are  developed  in  the  soil.  This  is  known  not 
to  be  the  case  and  results  in  an  incorrect  value  for  the  void  ratio. 
There  is  some  net  loss  of  mass  across  that  boundary  that  is  not  ac- 
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counted  for  in  the  calculation.  Consequently  tiie  calculated  value  of 
the  void  ratio  is  too  small  and  the  true  value  is  soaievliat  greater. 

All  of  the  data  and  calculations  were  then  sufficient  to  compute  flie 
void  ratio  which  is  the  number  in  the  third  column.  The  load  on  tiie 
sample  is  in  the  fourth  column  and  was  computed  from  flie  calibration 
data  obtained  prior  to  the  test.  This  computation  is  exactly  tiie  same 
as  described  in  Appendix  C  and  will  not  be  discussed  further  here. 

The  data  in  Tables  XX  through  XL  are  the  raw  data  taken  from 
the  tests  on  the  Instron  machine.  The  method  of  calculation  is  exactly 
the  same  as  in  the  chamber  apparatus.  The  first  column  is  the  force 
applied  to  the  sample  and  is  a  direct  readout  of  the  machine.  The  se¬ 
cond  column  is  the  cumulative  deflection  of  the  sample  \mder  the  tam¬ 
per  and  represents  the  same  information  as  was  obtained  at  the  end 
of  step  2  in  the  chamber  apparatus.  Steps  3  through  5  are  the  same  as 
for  the  chamber  apparatus,  and  the  last  column  is  the  force  applied  to 
the  sample  divided  by  the  area  of  the  tamper. 
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Anbient 

Pressure 

D 

Ata 

2.102 

Unable  to  coi3|>let^ 

test  because  j 
linear  feed-  | 
through  *-eached  | 
end  of  extension.  1 

1.0x10*® 
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A  malfunction  of  1 
the  hoist  rsoTod  ; 
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underneath  the  | 
taac>er  nreventin^ 
a  test.  1 
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1.262 

! 

3.2x10*® 

1.519 

2.0x10*® 

1.262 

Attempted  to  | 
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system  bakeout 
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able  to  test. 
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Container 

H 

.^e>i;a  rks 

13 

Chaab«r 

Steel 

6.6x10'^® 
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1.517 

Individual  1  eater 
•waif  unctioned 
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•1 

Atm 

1.377 

15 

ft 

•1 

5.1x10"^® 

1.980 

16 

ft 

M 

3.7x10"’® 

1.7J*2 

17 

K 

II 

Atm 

1.73f, 

_ 1 

18 

fl 

It 

1.2x10  ' 

Tamner  cauf^t  at 
ton  and  did  not 
annljr  its  load 
normal  to  the  sur  > 
face.  As  the  load 
increased,  the 
soil  flowed  to 
the  elevated  end 
of  the  ta>aper. 

The  results  were 
invalid. 

19 

fi 

M 

Atai 

1.477 

20 

II 

Glass 

5.5x10"^® 

1.200 

Last  ».TV  test  be¬ 
fore  breakdo%m  of 
rou»th  numpinf: 
system.  Data  is 
not  included  be¬ 
cause  there  is 
nothin*^  to  cori- 
r>are  it  with. 
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Atm 

1.359 

22 

II 

Iff 

ft 

I.23.S 

23 

Instron 
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1.496 
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11 

It 
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1.49? 
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tl 
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II 

1.744 
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I.l40 
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2.030 
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fl 

1.450 

Ttiis  test  was  a 
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Data 

Run# 

Tast 

Apparatus 

Containar 

Aiabiant 
Pr as sura 

B 

Raaarks 

45 

Instron 

Taflon 

Ata 

1.341 

Ihasa  last  tbraa 
tasts  vara  run 
with  a  taflon 
containar  and  a 
niaca  of  aluadni- 
ua  foil  in  tha 
bottoa. 

46 

tl 

tt 

tt 

1.2U5 

47 

tf 

tl 
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1.138 
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9(ej=t277)  7(e|::1282) 


8(e|  =1.173) 


Fig. 32  Range  on  e;  from  I.IO  to  1.40 
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13(ej=  1.517) 


Fjg,33  Range  on  e,-  from  1.40  to  1.70 


GSr/MC/69-*» 


14(e|=1.738)  16(ej=1.742) 

3{e|=l945)  15(ep1.989) 


Fig.  34  Range  on  ej  from  1.70  to  2.00 
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Tftbitt  m 

tete  tai  #  2 

liter— e—  Teid 

Lead  (pell 

11.18 

1.1*3 

0 

225 

11.30 

1-127 

3.23 

25* 

llo*5 

1.108 

6.01 

2?5 

11.61 

1.037 

8.65 

3t0 

11-73 

1.072 

11.88 

J25 

11.9* 

1.0*5 

13-78 

35« 

12.02 

1.03* 

17.61 

375 

12.1% 

1.019 

20.8* 

12.25 

1.505 

2*.22 

*25 

12.33 

0.99* 

28.0* 

*59 

12.*6 

0.978 

31.13 

*75 

12.51 

0.970 

35.2* 

590 

12.52 

0.968 

*0.10 

525 

12.60 

0.958 

*3.92 

550 

12.6* 

0.953 

*8,53 

575 

12.65 

0.952 

53-38 
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Tftbl*  IT 
Data  Ran  #  3 


idthroiuh 

)lierose«i»« 

Told  Ratio 

215 

12.50 

1.95* 

0 

2ho 

12.81 

1.902 

0.** 

265 

13.1* 

1.8*8 

0.58 

290 

13.*9 

1.790 

0.58 

315 

13.83 

1.733 

0.58 

JkO 

l*.l8 

1.675 

0.58 

365 

1*.53 

1.671 

0.58 

390 

1*.83 

1.567 

1.16 

^15 

15.20 

1.506 

1.16 

kho 

15.*9 

1.*58 

1.88 

*65 

15.88 

1.393 

1.88 

16.23 

1.335 

1.88 

515 

16.57 

1.279 

1.88 

5*0 

16.63 

1.236 

3.07 

565 

17.12 

1.188 

3.79 

590 

17.38 

1.1** 

*.96 

615 

17.66 

1.098 

5.8* 

6*0 

17.88 

1.062 

7.60 

665 

18.09 

1.027 

9.50 

690 

18.30 

0.992 

11. *0 

715 

18.*8 

0.962 

13.76 

7*0 

18.59 

0.9** 

17.1* 

765 

18.68 

0.929 

20.  Si 

790 

18.75 

0.917 

2*.  78 
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Table  T 
Data  Run  §  5 


Feedthroufrh 

Mlcroscona 

Void  Ratio 

Load  (psi) 

200 

12.90 

1.263 

0 

225 

13.02 

1.263 

0 

250 

13.35 

1.218 

0.l4 

275 

13.57 

1.188 

1.90 

300 

13.76 

1.162 

4.20 

325 

13.98 

1.132 

5.96 

350 

14.20 

1.102 

7.72 

375 

14.35 

1.081 

10.50 

400 

14.48 

1.064 

13.59 

425 

l4. 62 

1.045 

16.53 

450 

14.70 

1.034 

20.35 

475 

14.80 

1.020 

23.88 

500 

14.87 

1.011 

27.85 

525 

14.96 

C.998 

31.52 

550 

15.00 

0.993 

36.13 

575 

15.07 

0.983 

40.10 

600 

15.10 

0.979 

44.66 

625 

15.15 

0,972 

48.92 

650 

15.16 

0.971 

53.77 

675 

15.23 

0.961 

57.74 

700 

15.26 

0.957 

62.30 
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Table  T1 
Data  Run  #  5 


Feedthrougfa 


Microscope 


Void  Ratio 


200 

12.34 

225 

12.61 

250 

12.93 

275 

13.22 

300 

13.47 

325 

13.83 

350 

14.07 

375 

14.37 

400 

l4.6l 

425 

14.88 

450 

15.12 

475 

15.37 

500 

15.49 

525 

15.61 

550 

15.70 

575 

15.83 

600 

15.98 

625 

16.06 

650 

16.13 

675 

16.23 

700 

16.28 

725 

16.29 

750 

16.29 

775 

16.44 

Load  (psi) 
0 

1.02 

1.32 

2.04 

3.36 
4.83 

5.4l 
6.88 
7.90 

9.37 
10.69 
14.07 
14.07 
17.30 

20.97 

24.06 
26.84 
30.66 
34,63 
38.16 
0.964  42.42 

0.962  47.28 

0.962  52.28 

0.941  55.06 


1.517 

1.481 

1.436 

1.395 

1.360 

1.309 

1.275 

1.232 

1.198 

1.160 

1.126 

1.091 

1.075 

1.058 

1.046 

1.027 

1.006 

0.995 

0.985 

0.971 
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Tn 

Run  #  7 


FuudthrouiEb 

Microscon* 

Told  Ratio 

Load  (i>si 

000 

12.71 

1.282 

0 

025 

12.86 

1.262 

2.78 

050 

13.  08 

1.231 

4.54 

075 

13.21 

1.214 

7.63 

100 

13.31 

1.200 

11.15 

125 

13.34 

1.196 

15.71 

150 

13.40 

1.187 

19.83 

175 

13.46 

1.179 

23.94 

200 

13.50 

1.17» 

28,56 

225 

13.58 

1.163 

32.38 

250 

13.61 

1.159 

36.94 

275 

13.66 

1.152 

41.20 

300 

13.78 

1.143 

45.32 

325 

13.84 

1.135 

49.43 

350 

13.89 

1.128 

56.70 

375 

13.93 

1.123 

58.31 

uoo 

13.96 

1.119 

62.87 

425 

14.00 

1.113 

67.48 

450 

14.03 

1.109 

72.04 

475 

l4.li 

1.098 

75.86 

500 

14.12 

1.097 

80.71 
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Table  TUI 
Data  Ran  # 


r— dthreojeh  :iicroscooe 


000 

12.b2 

025 

12.  b2 

050 

12.  b6 

©75 

12.51 

100 

12.59 

125 

12.65 

150 

12.67 

175 

12.7* 

200 

12.79 

225 

12.82 

250 

12.87 

275 

12.8$ 

300 

12,92 

325 

12.96 

350 

12.97 

375 

13.01 

Told  oatio 

Load  (i>: 

1.173 

0 

1.173 

5.00 

1.167 

9.61 

1.161 

13.  £2 

1.150 

17.70 

1.1*2 

21.82 

1.1*0 

26.52 

1.131 

30.  *9 

1.12* 

3*.75 

1.120 

33.31 

1.11* 

*3.5C 

1.111 

*8.23 

1.107 

52.5* 

1.102 

57.  *5 

1.101 

^^2.30 

1»095 

66.92 
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Table  IX 


Feedthrough 


Data  Run  f  9 

Microscope  Void  Ratio 


l.oad  (psi) 


075 

12.51 

100 

12.86 

125 

13.25 

150 

13.49 

175 

13.76 

200 

14.00 

225 

14.26 

250 

14.47 

275 

14.72 

3OG 

14.89 

325 

14.09 

350 

15.13 

375 

15.21 

400 

15.30 

425 

15.39 

450 

15.45 

475 

15.54 

500 

15.62 

525 

15.71 

550 

15.76 

575 

15.79 

600 

15.84 

625 

15.89 

1.277 

0 

1.232 

0 

1.182 

0 

1.152 

1.47 

1.117 

2.49 

1.086 

3.96 

1.053 

5.13 

1.026 

7.03 

0.994 

8.35 

0.971 

10.71 

0.959 

14.84 

0.941 

19.80 

0.930 

23.62 

0.919 

27.30 

0.907 

30.97 

0.900 

35.09 

0. 888 

38.76 

0.878 

42.58 

0.866 

46.26 

0.860 

50.52 

0.856 

55.08 

0.850 

5*1.34 

0.843 

63.61 
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Table  X 
Data  Run  #  lo 

Feedthrough  Microscope 


050 

12.84 

075 

13.20 

100 

13.50 

125 

13.77 

150 

l4.06 

175 

14.39 

200 

14.69 

225 

14.98 

250 

15.26 

275 

15.47 

300 

15.65 

325 

15.88 

350 

16.05 

375 

16.20 

400 

16.34 

425 

16. 4o 

450 

16.48 

475 

16.57 

500 

16.67 

525 

16.71 

550 

16.79 

575 

16.83 

600 

16.87 

625 

16.91 

Void  Ratio 

Load  (pi 

1.497 

0 

1.447 

0 

1.405 

0.58 

1.367 

1.61 

1.326 

2.32 

1.280 

2.46 

1.238 

3.04 

1.197 

3.76 

1.158 

4.64 

1.128 

6.54 

1.103 

8.90 

1.071 

10.52 

1.047 

13.02 

1.026 

15.80 

1.006 

18.74 

0.998 

22.86 

0.987 

26.68 

0.974 

30.25 

0.960 

33.88 

0.954 

33.49 

0.943 

42,32 

0.939 

46.88 

0.933 

51.49 

0.928 

56.10 
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Table  XI 
Data  Ron  #  12 


Feadthroush 

Microscoi>a 

Void  Ratio 

C50 

12.43 

1.491 

0 

075 

12.78 

1.442 

0 

100 

13.03 

1.407 

1.32 

125 

13.25 

1.376 

3.08 

150 

13.50 

1.341 

4.40 

175 

13.76 

1.305 

5.57 

200 

13.96 

1.277 

7.63 

225 

i4.20 

1.243 

9.10 

250 

14.46 

1.207 

10.27 

275 

14.66 

1.179 

12.33 

300 

14.83 

1.155 

14.93 

325 

15.00 

1.131 

17.33 

350 

15.  CS 

1.120 

21.15 

375 

15.21 

1.102 

24.24 

400 

15.32 

1.086 

27.63 

425 

15.42 

1.073 

31.15 

450 

15.50 

1.061 

34.97 

475 

15.59 

1.049 

38.64 

500 

15.65 

1.040 

42.76 

525 

15.73 

1.029 

46.58 

550 

15.77 

1.024 

51.20 

575 

15.80 

1.019 

55.75 

600 

15.97 

0.996 

58.25 

625 

15.99 

0.993 

63.16 
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Table  XII 
Bata  Run  #  13 


Feadtbrouefa 

Hlcroscone 

Void  Ratio 

Load  (psl) 

050 

12.47 

1.517 

0 

075 

12.77 

1.474 

0.58 

100 

13.20 

1.425 

0.58 

125 

13.^0 

1.385 

1.46 

150 

13.66 

1.349 

2.63 

175 

13.92 

1.312 

3.80 

200 

l4.l8 

1.275 

4.97 

225 

14.44 

1.23s 

6.14 

250 

14.69 

1.203 

7.46 

275 

14.93 

1.169 

8.93 

300 

15.07 

1.i49 

11.87 

325 

15.28 

1.120 

13.77 

350 

15.^2 

1.100 

16.71 

375 

15.59 

1.076 

19.21 

400 

15.69 

1.062 

22.74 

425 

15.75 

1.053 

26.85 

450 

15.90 

1.032 

29.63 

475 

16.01 

1.017 

33.01 

500 

16.03 

1.007 

36.98 

525 

16.15 

0.997 

40.95 

550 

16.24 

CO 

c^ 

. 

0 

44.62 

575 

l6.28 

0.973 

49.23 

600 

16.32 

0.973 

53.85 

625 

16.37 

0.966 

58.11 
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Table  XIII 
Data  Run  #  l4 


Feedthrough 

Microscope 

Void  Ratio 

050 

12.12 

1.380 

075 

12.47 

1.328 

100 

12.70 

1.296 

125 

12.96 

1.259 

150 

13.20 

1.225 

175 

13.38 

1.199 

200 

13.57 

1.171 

225 

13.74 

1.147 

250 

13.88 

1.127 

275 

14.01 

1.108 

300 

14.15 

1.088 

325 

14.18 

1.084 

350 

14.25 

1.074 

375 

14.32 

1.064 

400 

l4.4i 

1.051 

425 

14.45 

1.045 

450 

14.51 

1.037 

475 

i4.54 

1.032 

500 

i4.58 

1.027 

525 

14.63 

1.019 

550 

14.69 

1.011 

Lead  (psi) 
0 
0 

1.76 

2.93 

u.uo 

6.76 

8.97 

11.47 

l4.4l 

17.50 
20.44 
24.99 
28.96 

32.93 
36.60 

41.22 

45.33 

49.89 

54.50 
58.77 
62.88 
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Feedthrough 

050 

075 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

475 

500 

525 

550 

575 

600 

625 


Table  XHT 


Data 

Run  #  15 

Microscoue 

Told  Ratio 

Load  (i> 

12.48 

1.989 

0 

12.82 

1.932 

0 

13.11 

1.883 

0.72 

13.43 

1.830 

1.02 

13.75 

1.776 

1.32 

14.09 

1.719 

1.32 

14.39 

1.669 

1.90 

14.71 

1.6i5 

2.20 

15.02 

1.56: 

2.64 

15.29 

1.518 

3.66 

15.56 

1.472 

4.68 

15.87 

1.420 

5.12 

16.14 

.  1.375 

6.14 

16.37 

1.336 

7.76 

16.63 

1.293 

8.93 

16.80 

1.264 

11.43 

17.00 

1.231 

13.49 

17.12 

1.210 

16.72 

17.25 

1.189 

19.81 

17.37 

1.168 

23.04 

17.48 

1.150 

26.42 

17.58 

1.133 

29.95 

17.62 

1.127 

3i^.56 

17.66 

1.120 

39.17 
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F— <thr— gTi 

63c 

675 

700 

725 

750 


T»M*  nr 

(CMtiOMd) 


17.72 

17.73 
17.83 
17.86 


T»id  Hatl* 
1.110 
1.100 
1.0?1 
1.086 


17-91 


1.078 


8  (iwii 

•3.29 


87.80 


51.67 


58.22 


56.88 
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T»U*  XT 
Bftte  %mm  #  i6 


rt'ifThrrili 

?eicr>»c«»g 

▼•Id  lati* 

LmO  {m: 

03c 

12.83 

1.7%2 

0 

073 

13.13 

1.699 

O.SS 

100 

13-^2 

1.65* 

1.60 

125 

13.73 

1.606 

2.0* 

150 

li.03 

1.360 

2.62 

125 

l*.33 

1.31* 

3.20 

200 

li.«? 

l.*62 

3.20 

223 

li.«2 

l-*23 

*.52 

230 

13.16 

1-3S6 

5.0« 

273 

15.33 

i.353 

S.03 

300 

13.60 

1.310 

9.52 

323 

15.  S3 

1.253 

11.1* 

330 

16.02 

1.23* 

13.33 

373 

16.13 

1.23* 

16. i* 

^00 

16.30 

1.211 

19.22 

i23 

l6.i3 

1.191 

22.30 

^50 

16.32 

1.17- 

25.05 

^75 

16.61 

1.163 

20.65 

300 

16.72 

1.1*^ 

33-03 

523 

I6.SI 

1.132 

36.  70 

330 

16.^ 

1.123 

*2.26 

373 

16.90 

1.117 

*3.35 

600 

•6.96 

1.1C9 

*o.io 

625 

17-03 

1.098 

53. *6 
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Tkble  XW 


F»*dthro«t!h 

650 

675 


(contif«a«d) 


?<icrosc#D» 

17.06 

17.08 


▼old  !latio 
1.09^ 
1.091 


58.  02 

62.72 
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F»«d through 
050 
075 
100 
125 
15C 
175 
200 
225 
250 
275 
300 
325 

350 

375 

^00 

^25 

i*50 

^i75 

500 

525 

550 

575 

500 

625 


Toblo  Zfl 


Dota  ftan  #  17 


Xicroscopo 

Told  Ratio 

13.0b 

1.738 

0 

13.38 

1.685 

0 

13.71 

1.635 

c.lb 

lb.  12 

1.572 

0.1b 

lb.b5 

1.521 

0.28 

lb.  81 

l.b66 

0.28 

15.13 

l.bi6 

0.58 

15.b8 

1.363 

0.58 

15.81 

1.312 

0.72 

16.16 

1.258 

0.72 

I6.b7 

1.210 

1.16 

16.82 

1.157 

1.16 

17.08 

1.117 

2.33 

17.38 

1.071 

2.91 

17.6b 

1.031 

b.08 

17.88 

0.99b 

5.55 

18. Ob 

0.969 

8.19 

18.22 

0.9bl 

10.55 

i8.3£ 

0.917 

13.10 

18. b8 

0.901 

16.72 

18.56 

O.8S9 

20.5b 

1S.61 

0.881 

00 

• 

18.70 

0.868 

28. b8 

18.77 

O.S57 

32.  b5 
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Table  ZTI 
Iccfitinaed) 


Fe«dthro«icb 

horoscope 

▼old  Ratio 

Load  (psi 

65c 

18.80 

0.852 

37.01 

675 

18.88 

O.SSM) 

80.83 

700 

18.91 

0.835 

85.3® 

725 

18.96 

0.828 

^.65 

750 

19.00 

0.822 

775 

19.02 

O.S18 

58.97 

800 

19.0S» 

0.815 

63.68 
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T»bl«  Xfll 
Data  Ron  #  10 


Faadttircvjtb 

Xicroscapa 

Tald  Ratio 

Load  (psi) 

050 

13.b7 

1.477 

0 

075 

13.83 

1.427 

0 

100 

I4.i6 

1.381 

0.14 

125 

14.50 

1.334 

0.14 

150 

14.S3 

lc2S8 

0.28 

175 

15.18 

1.230 

0.28 

200 

15.50 

1.295 

0.58 

225 

15.76 

1.159 

1.75 

250 

i6.05 

l.lld 

2.4? 

275 

16.30 

1.0S4 

3. 78 

300 

16.56 

1.04£- 

4.96 

325 

16.75 

l.ClS 

6.86 

350 

16.04 

0.002 

O.07 

375 

17.12 

0.967 

11.43 

boo 

17.22 

0.953 

l4.o6 

425 

17.33 

0.931 

17.60 

450 

17.47 

C.918 

21.27 

475 

17.55 

0.907 

25.10 

500 

17.62 

0.897 

29.06 

525 

17.72 

0.883 

32.59 

550 

17.75 

0.860 

37.15 

575 

17.  S2 

0.860 

4i.12 

5go 

1~.67 

C.663 

45.3: 

625 

17.90 

0.858 

40,94 
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GSf / 


re«!thron«>h 

S50 

6r5 

700 


T»bl«  3E¥II 
(continued) 

horoscope  Void.  «tetio 


1’>.96 

18.01 

18. 


S.850 

O.8U3 

O.Sjo 


Load  (psi) 

56.32 

^.5i? 
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Table  XflU 
Data  Run  #  21 


FecKlthroi 


Microscoi 


Vci<l  Ratio 


Load  (pst] 


C50 

13.*H 

1.359 

0 

075 

13.65 

1.32? 

l.b7 

100 

13.«7 

1.285 

1.76 

125 

lb.  30 

1.2bl 

1.91 

150 

lb.  63 

1.197 

2.05 

175 

Ib.oo 

1.162 

3.07 

200 

15.18 

1.12b 

3.95 

225 

15.37 

1.099 

6.16 

250 

15.56 

l.07b 

8.37 

275 

15.7b 

1.050 

10.73 

300 

15.86 

1.03b 

13.96 

325 

16.01 

1.015 

16.7b 

350 

16.07 

1.007 

20.86 

375 

16.20 

0.989 

23.9b 

i*00 

16.32 

0.973 

27.18 

un5 

l6.bo 

0.963 

31.00 

J*50 

I6.b6 

0.9  « 

35.12 

^75 

l6.b9 

0.95: 

39.67 

500 

16.5b 

O.Qbb 

b3.9b 

525 

16.59 

0.938 

b8.20 

550 

16.65 

0.930 

52.32 

575 

16.69 

0.92b 

56.93 

6oo 

16.75 

0.917 

61.05 

113 


v.-it  / 


XIX 

Lata  .'>un  i  22 


Feedthrouf^ 

.ticroscone 

Void  Hatio 

Load  ( 'is  j  ) 

075 

13.2J* 

1.23>^ 

0 

100 

13.51 

1 . 20*4 

1.02 

125 

13.77 

1.171 

2.  10 

150 

li».  12 

1.127 

2.10 

175 

1J»,3U 

1.100 

3.05 

200 

lU.6l 

1.066 

4.07 

225 

IJ*.?!* 

1.050 

8.06 

250 

ll».<*5 

1.023 

11.06 

275 

15.07 

l.OOfi 

15.10 

300 

15.22 

O.OBO 

17.0? 

325 

15.33 

0.075 

21.35 

350 

15. 5*0 

0.067 

25.31 

375 

15.50 

0.05!* 

28.84 

Uoo 

15.63 

0.033 

31.03 

1*25 

15.71 

0.028 

35.75 

!*50 

15. 7^* 

0.921* 

40.31 

k75 

15.75 

0.923 

45.16 

500 

15.83 

0.013 

48.99 

525 

15.<»0 

0.004 

52.05 

550 

15.03 

0.900 

57.51 

575 

15.96 

0.896 

62.07 

Ilk 


OSF/  !C/60-1; 

Table  XX 

Data  Run  f  23,  24,  and  31 


Force 

Total  Deflection 

Void  Ratio 

load  (psi) 

0 

0 

1.496 

0 

1.24 

0.0936 

1.163 

2.48 

1.90 

0.0999 

1.140 

3.80 

2.48 

0.1158 

1.084 

4.96 

3.43 

0.1258 

1.048 

6.86 

4.54 

0.1337 

1.020 

9.08 

5.72 

0.1401 

0.997 

11.44 

7.48 

0.1467 

0.974 

14.96 

8.80 

0.1509 

0.959 

17,60 

10.63 

0.1557 

0.942 

21.26 

12.55 

0.1596 

0.928 

25.10 

14.53 

0.1630 

0.916 

29,06 

16.30 

0.1657 

0.906 

32.60 

18.58 

0.1688 

0.895 

37.16 

20.56 

0.1714 

0.886 

41,12 

22.69 

0.1737 

0.877 

45.38 

24.97 

0.1759 

0.870 

49.94 

27.03 

0.1778 

0.863 

54.06 

29.16 

0,1795 

0.857 

58.32 

31.44 

0.l8l4 

0.850 

62.88 
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Table  XXI 
Data  Run  #  25 


Force 

Total  Deflection 

Void  Ratio 

Load  ( ns 

0 

0 

1.744 

0 

0.50 

0.1200 

1.275 

1.00 

1.00 

0.1470 

1.169 

0 

0 

0 

1.50 

0.1699 

1.079 

3.00 

2.00 

0.l840 

1.024 

4.00 

2.75 

0.1943 

0.984 

5.50 

4.00 

0.2043 

0.945 

8.00 

5.25 

0.2111 

0.918 

10.50 

6.50 

0.2160 

0.899 

13.00 

8.50 

0.2222 

0.875 

17.00 

10.25 

0.2265 

0.858 

20.50 

12.50 

0.2309 

0.841 

25.00 

14.25 

0.2337 

0.830 

28.50 

16.00 

0.2361 

0.820 

32.00 

18.50 

0.2394 

0.808 

37.00 

21.00 

0.2420 

0.797 

42.00 

23.00 

0.2440 

0.789 

46.00 

25.00 

0.2458 

0.782 

50.00 

27.00 

0.2474 

0.776 

54.00 

29.50 

0.2492 

0.767 

59.00 

31.80 

0.2503 

0.765 

63.60 
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Ttabl*  my 


Data 

Run  #  26 

Fores 

Total  Oaflaetien 

Void  Ratio 

0 

0 

l.ibo 

0.50 

0.0080 

1.137 

1.50 

0.0139 

1.09b 

3.00 

0.0220 

1.068 

b.25 

0.0286 

1.0b6 

6.00 

0.0361 

1.022 

7.00 

0.0397 

1.010 

8.75 

o.ob5o 

0.992 

10.50 

0.0b96 

0.977 

12.00 

0.0530 

0.966 

lb.  00 

0.0570 

0.953 

15.50 

0.0595 

0.9b5 

17.50 

0.0627 

0.93b 

20.00 

0.0663 

0.923 

22.00 

0.0687 

0.915 

2b.  25 

0.071b 

0.906 

27.00 

0.07b3 

0.896 

29.50 

0.0767 

0.889 

32.50 

0.0793 

0.880 

Load  (psl) 
0 

1.00 
3.00 
6.00 
8.50 
12.00 
lb.  00 
17.50 
21.00 
2b.  00 
28.00 
31.00 
35.00 
bo.  00 
bb.oo 

b8.50 
5b.  00 
59.00 
65.00 
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•  WWW 

.931 

25.00 

30.09 

>.953 

35.0© 

>-9a»2 

^.OO 

>.933 

1»5.00 

».92* 

50.00 

).916 

55.  OC 

>.909 

^.00 

1 

i 

i 

1 

] 

1 

1 

• 

;  :>j-/  C  ' 


Tabl«  HIT 
imtM  aM  /  29 


fmrcm  Tatal  Baflactla^ 


0 

0 

0.50 

0.15S? 

...00 

O.lSOO 

2.00 

0.200% 

3.00 

0.2103 

5.00 

0.222% 

7-50 

0.2310 

10.00 

0.2:,71 

12.50 

0.2%!^ 

15.00 

0.2%52 

17.50 

0.2%83 

20.00 

0.2508 

22.50 

0.2533 

25.00 

0.2552 

27.50 

0.2571 

30.00 

0.2^ 

32.50 

0.2603 

raid 

3  aad  . 

1.«12 

0 

1.253 

i.CO 

1.1^5 

•>.©o 

l.OT'-e 

%.90 

1.03“ 

<.©© 

0.*»£9 

10.00 

C.953 

15.00 

0.927 

20.00 

O.ooo 

25.00 

0.80% 

30.00 

0.S31 

35.00 

o.^-ri 

%0.00 

o.t^ 

%5.90 

0.^52 

50.00 

o.s%% 

55.00 

0.837 

60.00 

0.131 

65.00 
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T«bl«>  JTW 

*  32 


r«ire« 

T»tel  3«n«ctiM 

T*id  9atio 

Load  (ns: 

• 

0 

1.616 

C 

9.50 

0.0396 

i.2eo 

1.00 

1.99 

0,0655 

1.190 

2.0C 

1.50 

0.0809 

1.103 

3.00 

2.50 

0.0978 

l.OT* 

5.00 

K99 

0. 1122 

1.029 

'.eo 

€.09 

0.1236 

0.991 

12.00 

8.00 

0.1312 

0.96» 

1^.00 

10.90 

0^1368 

0.965 

20.00 

12.59 

0.1626 

0.925 

25.00 

15.00 

0.1668 

0.910 

30.00 

17.50 

0.1506 

0.897 

35.00 

20.00 

0.1539 

0.S36 

60. GO 

22.50 

0. 1567 

0.876 

65.00 

25.00 

0.1593 

0.967 

50.00 

27.50 

0.1615 

0.860 

55.00 

30.00 

0.1636 

O.S52 

60.00 

32.50 

0.1657 

0.3*5 

65.00 
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TMm  SDn 


date  Am 

#  33 

fare* 

7»tal  Ml*etiMi 

T*id  9mtt9 

L— *  il* 

• 

0 

1.120 

0 

d.30 

0.0061^ 

1.100 

1.00 

1.00 

0.0086 

1.092 

2.00 

1.50 

O.OICA 

1.08? 

3.00 

2.50 

0.016% 

1.076 

5.00 

5.00 

e.02%7 

1.060 

10.00 

7.50 

0.0335 

1.012 

15.00 

10.00 

0.0606 

0.989 

20.00 

12.50 

0.0659 

0.971 

25.00 

15.00 

0.0505 

0.95« 

30.00 

20.00 

0.0578 

0.933 

60.00 

22.50 

0.0608 

C.923 

65.00 

25.00 

0.0636 

0.916 

50.00 

27.50 

C.060' 

0.906 

55.00 

30.00 

C.0686 

0.898 

60.00 

32.50 

0.0706 

0.891 

65.00 
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osr/3C/6^ 


mil 

Date  9mm  i  3^ 


f«rc« 

T»tal 

9«id  aatl* 

iMd  (Mil 

0 

0 

1.803 

0 

1.0C< 

0.1602 

1.164 

2.00 

2.00 

0.1816 

1.079 

4.00 

3.00 

0.1937 

1.030 

6.00 

%.oo 

0.2019 

0.997 

8.00 

5.00 

0.2071 

0.977 

10.00 

7.30 

0.21^3 

0.936 

13.00 

10.00 

0.i239 

0.909 

20.00 

12.^ 

0.2286 

0.891 

25.00 

13.00 

0.2327 

0.874 

30.00 

17.30 

0.233? 

0.862 

33.00 

2C.00 

0.2386 

0.831 

40.00 

22.30 

0.2^10 

0.841 

45.00 

23.00 

0.2433 

0.832 

30.00 

27.50 

0.2433 

0.824 

33.00 

30.00 

0.2471 

0.817 

60.00 

32.30 

0.2487 

0.810 

63.00 
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T»U«  JDPrill 
Dftta  Bn  #  35 


fore* 

T»tal  ]>«fl*etln 

▼•id  Rfttio 

Lnd  (ni) 

0 

0 

1.716 

0 

1.00 

0.1431 

1.162 

2.00 

2.00 

0.1636 

1.083 

4.00 

3.00 

0.1743 

1.04l 

6.00 

4.00 

0.1312 

1.014 

8.00 

5.00 

0.1866 

0.993 

10.00 

7.5c 

0.1959 

0.957 

15.00 

10.00 

0.2023 

0.933 

20.00 

12.30 

0.2070 

0.914 

25.00 

15.00 

0.2109 

0.899 

30.00 

17.50 

0.2141 

0.S8? 

35.00 

20.00 

0.2169 

0.876 

40.00 

22.50 

0.2194 

0.866 

45.00 

25.00 

0.2216 

0.858 

50.00 

27.50 

0.2236 

0,850 

55.00 

30.0c 

0.2255 

0.843 

60.00 

32.50 

0.2271 

0.837 

65.00 
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Table  XZIX 

•:;;ata  ibin  f  3^ 


Force 

Total  Oen action 

Void  ^tio 

7,aad  (nsi 

0 

0 

1.361 

0 

1.00 

0.04<^ 

1.193 

?.00 

2.C0 

0.0750 

1.109 

4.00 

3.or 

G.03S0 

1.065 

6.0c 

4.00 

0.0962 

1.037 

• 

0 

0 

5.00 

0. 1025 

1.016 

iC.OO 

7.50 

0.1137 

0.978 

15.00 

10.00 

0. 1214 

0.952 

20.00 

12.50 

0.1271 

0.933 

25.00 

15.00 

0.1317 

0.933 

30.00 

17.50 

0.1356 

0.918 

35.00 

20.00 

0.1390 

0.905 

40.00 

22.50 

0.1420 

0.893 

45.00 

25.00 

0.1446 

0.8.33 

50.00 

27.50 

0.1469 

0.874 

55.00 

30.00 

0.1491 

0.G59 

60.00 

32.50 

0.1511 

0.852 

65.00 
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T»bl*  JXZ 
OfttA  Run  #  J7 


furcu 

Total  Sofloction 

raid  Ratio 

Load  inti) 

0 

0 

1.256 

0 

1.00 

0.0267 

1.170 

2.00 

2.00 

0.0453 

1.111 

4.00 

ri.oo 

0.0567 

1.074 

6.00 

4.00 

0.0644 

1.o49 

8.00 

5.00 

0.0705 

1.C30 

10.00 

7.50 

0.0814 

0.994 

15. CO 

10.00 

0.0889 

0.970 

20.00 

12.50 

0.0946 

0.952 

25.00 

35.00 

0.0992 

0.937 

30.00 

17.50 

0.1031 

0.925 

35.00 

20.00 

0.1065 

0.914 

40.00 

22.50 

0.1095 

0.904 

45.00 

25.00 

0.5917 

0.895 

50.00 

27.50 

0.1146 

0.883 

55.00 

30.00 

0.1169 

0.880 

60.00 

32.50 

0.1189 

0.874 

65.00 
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Tftble  XXn 
Cata  Run  #  38 


Forca 

Total  Oefloctlon 

Told  Ratio 

Load  (psi! 

0 

0 

1.681 

0 

1.00 

0.1lK>6 

1.116 

2.00 

2.00 

0.1600 

1.038 

4.00 

3.00 

0.1707 

0.995 

6.00 

ll.OO 

0.1772 

0.968 

0 

0 

0 

5.00 

0.1824 

0.947 

10.00 

7.50 

0.1913 

0.912 

15.00 

10.  CO 

0.1973 

0.888 

20.00 

12.50 

0.2019 

0.869 

25.00 

15.00 

0.2055 

0.856 

30.00 

17.50 

0.2086 

0.842 

35.00 

20.00 

0.2112 

0.832 

40.00 

22.50 

0.2135 

0.822 

45.00 

25.00 

0.2155 

0.8l4 

50.00 

27.50 

0.2174 

0.807 

55.00 

30.00 

0.2191 

0.800 

60.00 

32.50 

0.2206 

0.79^ 

65.00 
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tru*  mil 
Oiftta  Run  #  39 


Fore* 

Total  Bofloction 

Told  Ratio 

(P»i) 

G 

0 

1.544 

0 

1.00 

0.1124 

1.115 

2.00 

2.00 

0.1307 

1.045 

4.00 

3.00 

O.l4o6 

1.007 

6.00 

4.00 

0.1474 

0.981 

8.00 

5.00 

0.1525 

0.962 

10.00 

7.50 

0.1617 

0.927 

15.00 

10.00 

0.1678 

0.904 

20.00 

12.50 

0.1725 

0.886 

25.00 

15.00 

0.1763 

0.871 

30.00 

17.50 

0.1795 

0.859 

35.00 

20.00 

0.1822 

0.849 

40.00 

22.50 

0.1846 

0.840 

45.00 

25.00 

0.1864 

0.833 

50.00 

27.50 

0.1884 

0.825 

55.00 

30.00 

0.1903 

0.818 

60.00 

32.50 

C.191S 

0.812 

65.00 
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si-sa  / 


tbUc  mat 

Sttta  'b«B  g 

lOtml  3»n«ctl«a  T«iO  ~:3kZim 

.jaairf 

• 

9 

9 

1.M 

0.029^ 

2.  CO 

2.M 

0-0»2 

3.0» 

e.o»5i 

0-025 

'T-OO 

o.O)9« 

0.913 

'i.OO 

0.0529 

©.902 

iO.O© 

7-5» 

0-0599 

35.0© 

19.00 

O.OfiiS 

•-®55 

^.OC 

12-50 

O.Ofi89 

O.S52 

25.0© 

15.00 

e.C723 

C.4.'a»2 

30.00 

17.50 

0-0752 

0.«33 

35.C® 

28.00 

0.07?® 

©.^5 

%o.oo 

22-5© 

o.osoi 

O-Al'^ 

5»5.®o 

25.00 

C.OB22 

O.Sll 

50.00 

27-5© 

0.0S«2 

©.£:85 

55- ©» 

30.00 

0.0S59 

Co.oo 

32.50 

O.OS75 

0-795 

$5.00 
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Tabl«  rt^» 

Satai  Saa  s 


Tmrcm 

T«tal  reflect iao 

Teid  ^tie 

f  fss  i 

0 

O 

1.010 

O 

1.M 

0.1310 

1.125 

2.00 

2.M 

o.iw 

1.039 

^.©0 

3.M 

0.2092 

0.997 

6.00 

0.215^ 

0.97© 

s.oo 

5.M 

0.2202 

0.9^ 

10.00 

7-30 

0.12S«» 

0..913 

13.00 

10.00 

0.23)« 

0.SS9 

20.00 

12.30 

0.23S1 

O.STi 

23.00 

13.00 

0.2i^l3 

0.S3S 

30.00 

17-30 

0.2^2 

0.33i4» 

35.00 

20.00 

0.2^ 

o.&^ 

^.00 

22.30 

0.S25 

5^3.00 

23.00 

0.230S 

0mSl6 

30.00 

27.30 

0.2322 

0.S09 

53.00 

30.00 

0.2337 

0.203 

60.0l> 

32.30 

0.2332 

0.796 

63.00 

130 


3:sr/:TC/!5«>-3» 


Tkbl*  ZXXfl 


Sate 

Ran  #  b3 

Tmarcm 

Total  SalToctlon 

Teid  Ratio 

Load  (psj 

0 

0 

1-332 

0 

1.00 

0.0675 

1.096 

2.00 

2.00 

0.0S82 

1.02b 

b.oo 

3.00 

0.0991 

O.9S6 

6.00 

b.oo 

0.106b 

0.960 

8.00 

5-00 

0.1118 

0.9bl 

10.00 

7-50 

0.1215 

0.907 

15.00 

10.00 

0.1280 

0.88b 

20.00 

12.50 

0.1330 

0.867 

25.00 

15.00 

0.1370 

0.853 

30.00 

17.50 

o.lbob 

0.8bl 

35.00 

20.00 

0.1b35 

0.83c 

bo.  00 

22.50 

0.lb6o 

0.822 

b5.00 

2i.OO 

0.lb83 

0.813 

50.00 

27.50 

0.150b 

0.806 

55.00 

30.00 

0.1522 

0.800 

60.00 

32.50 

C.i5b0 

0.79b 

65.00 
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0 

0 

1.143 

0 

1.00. 

0.0360 

1.027 

2.00 

2.00 

0.0510 

0.979 

4.00 

3.00 

0.0596 

0.951 

6.00 

4.00 

0.0657 

0.932 

8.00 

3.00 

0.0704 

0.917 

10.00 

7.50 

0.0793 

0.888 

15.00 

10.00 

0.0855 

0.868 

20.00 

12.30 

0.0902 

0.853 

25.00 

15.00 

0.0941 

0.841 

30.00 

17.30 

0.0976 

0.829 

35.00 

20.00 

0.1006 

0.820 

40.00 

22.50 

0.1032 

0.811 

45.00 

25.00 

0.1055 

0.804 

50.00 

27.50 

0.1077 

0.797 

55.00 

30.00 

0.1096 

0.791 

60.00 

32.50 

0.1115 

0.785 

65.00 
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Table  nXTlll 
Data  Run  #  45 


Force 

Total  Deflection 

Void  Ratio 

Load  (nsi) 

0 

0 

1.341 

0 

1.00 

0.0580 

1.137 

2.00 

2.00 

C.0785 

1.065 

4.00 

3.00 

0.08D0 

1.029 

6.00 

4.00 

0.0961 

1.004 

8.00 

5.00 

0.1017 

0,984 

10.00 

7.50 

0.1114 

0.950 

15.00 

10.00 

0.1180 

0.927 

20.00 

12.50 

0.1231 

0.909 

25.00 

15.00 

0.1273 

O.S94 

30.00 

17.50 

0.1307 

0.882 

35.00 

20.00 

0.1338 

0.871 

40.00 

22.50 

0.1364 

0.862 

45.00 

25.00 

0.1383 

O.S54 

50.00 

27.50 

0.14i9 

0.843 

55.00 

30.00 

0.1430 

0.339 

60.00 

32.50 

0.1448 

0.833 

65.00 
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0 


0.0U15 

0.0564 

0.0655 

0.0720 

0.0770 

0.0860 

0.0921 

0.0970 

0.1010 

0.1043 

n.l072 

0.1098 

0.1120 

0.1142 


.245 

1.105 

1.055 

1.025 

1.003 

0.986 

0.956 

0.935 

0.918 

0.905 

0.894 

0.884 

0.875 

0.868 

0.861 

0.854 


2.00 

4.00 

6.00 

S.OO 

10.00 

15.00 

20.00 

25.00 

30.00 

35.00 

40.00 

45.00 

50.00 

55.00 

60.00 
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Table  XL 


Seta  Run 

f 

Force 

Total  SefTection 

7oid  Ratio 

Load  ( rt 

0 

0 

1.133 

0 

1.00 

0.0330 

1.032 

2.00 

2.00 

0.0!f%9 

0.5?b 

'-J.OO 

3.00 

0.0516 

0.9/2 

-6.00 

4^.00 

0.0563 

o.rj? 

C.OO 

5.00 

0.0606 

0.9^  J 

10. CC 

7.50 

0.0679 

0.920 

15.00 

10.00 

0.0733 

0.903 

20.00 

12.50 

0.077» 

0.390 

25.00 

15.00 

C.C&09 

0.S7C 

30.00 

17.50 

0.08^0 

0.369 

35.00 

20.  00 

0.0867 

0.360 

^.00 

22.50 

0.0S90 

0.3-53 

0 

0 

• 

25.00 

0.0912 

O.Pb5 

50.00 

27.50 

0.0932 

0.339 

55.00 

30.  CC 

0.0950 

0.033 

60.00 

32.50 

0.0966 

0.32-*' 

65.00 
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Appendix  E 


Assiimpiions 


Introduction 

The  assumptions  involved  are  not  numerous  but  they  are  impor¬ 
tant  to  &e  development  of  the  concepts  presented.  In  order  that  the 
full  significance  of  these  assumptions  be  considered,  tiiey  are  dis¬ 
cussed  in  detail  in  diis  appendix. 

Simulated  Lunar  Soil 

The  rock  powders  that  were  used  were  assumed  to  simulate  the 
fine  fraction  of  the  lunar  surface  layer.  As  mentioned  previously, 
fiiese  rocks  are  one  of  Green*s-  standards  for  Itmar  research  and  a 
comparison  of  the  chemical  analysis  of  tliese  rocks  and  the  results 
of  Surveyor  V,  VI,  and  VII  are  included  in  Table  XLI.  The  data  in 
this  table  indicates  that  the  chemical  analysis  of  the  rocks  is  a  good 
approximation  of  tiie  lunar  surface  material.  The  results  of  Surveyor 
V  indicate  that  tiie  finest  fraction  of  the  lunar  surface  layer  is  pro¬ 
bably  in  tiie  2-60  micron  range  (Ref  4:87).  The  grain  size  analysis  of 
the  powders  used  is  shown  in  Fig.  17  and  is  comparable  to  the  resiilts 
of  Surveyor  V.  Therefore  within  the  bounds  of  existing  information, 
these  rocks  powders  seem  to  be  the  closest  terrestrial  approxi  - 
mation  to  the  fine  fraction  of  the  lunar  surface  material. 
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Table  XLI 

Comparison  of  Green’s  Standards  and' Surveyor  Results 


r‘ - - -  ’  '  ■  ■  1  ■ 

Chemical  Composition,  Atomic  % 

Element 

Sur.  V  * 

Sur.  VI  * 

Sur.  vn  * 

Green’s  Std.  ♦* 

C 

3 

2 

2 

0.01 

O 

58^5 

57+5 

58+5 

44.67 

Na 

2 

2 

3 

2.50 

Mg 

3+3 

3+3 

4+3 

2.70 

A1 

6,5jr2 

6.5+2 

8+3 

7.40 

Si 

18+3 

22+4 

18+4 

23.80 

“Ca”^ 

13+3 

6+2 

6+2 

18.60 

“Fe”^ 

5+2 

2+1 

..  ■  J 

9.20 

♦  Reference  6:257 
**  Reference  8 


a.  “Ca”  here  denoted  elements  with  mass  numbers  between 
approximately  30  and  47  and  includes  for  example,  P,  S, 
K,  and  Ca. 

b.  “Fe”  here  denotes  elements  with  mass  numbers  between 
47  and  65  and  includes  for  example,  Cr,  Fe,  Co,  and  Ni. 
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Grain  Density 

The  density  of  H-iC  soil  grains  in  the  sample  was  assumed  to  be 
the  same  as  the  rock  prior  to  comminution.  This  is  the  same  as 
saying  the  rock  contained  no  voids.  This  assumption  is  not  precisely 
accurate  but  the  error  associated  with  it  is  small  enough  diat  the 
error  introduced  from  the  instrumentation  is  orders  of  magnitude 
greater.  The  basalt  is  not  vesicular  and  does  not  contain  voids  that 
are  visible  to  the  eye.  Upon  bakeout  ol  the  rocks  prior  to  comminu¬ 
tion,  the  wieght  loss  was  about  1  %  which  verifies  tiiat  the  rocks  were 
not  highly  vesictdar. 

Initial  Void  Ratio 

The  initi2d  void  ratio  of  the  soil  mass  when  placed  in  the  con¬ 
tainer  prior  to  the  test  was  assumed  to  be  distributed  tiniformly 
throughout  the  container.  There  was  no  way  to  check  this  assumption 
and  it  is  probably  not  correct.  The  reproducibility  of  the  results 
from  the  Instron  tests  indicated  that  whatever  the  initial  void  ratio 
distribution  was,  it  was  uniform  from  test  to  test.  The  compatibility 
of  results  from  tests  where  the  sample  had  been  prepared  by  appli¬ 
cation  of  a  uniform  pressure  on  its  surface  and  the  sample  that  had 
been  initially  packed  by  a  redding  technique  indicates  that  the  same 
distribution  of  void  ratio  was  obtained  by  the  two  methods.  An  alter¬ 
nate  possibility  is  that  the  results  were  not  sensitive  to  the  initial 
void  ratio  distribution;  however,  this  possibility  seems  remote  and  is 
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rejected.  The  material  in  tiie  bottom  of  the  container  probably  was  at 
a  lower  void  ratio  than  the  material  near  the  surface  because  it 
would  see  a  larger  total  force  during  the  preparation  process.  In 
ei&er  case*  the  e]q>eriments  indicate  tiiat  whatever  the  distribution 
of  &e  initial  void  ratio,  it  was  consistent  from  one  test  to  another. 

Lateral  Strain 

The  asstimption  was  made  in  tiie  process  of  calculating  tiie 
change  in  void  ratio  under  the  tamper  as  the  load  increased  that  tiiere 
was  no  loss  of  mass  from  tiie  volume  of  soil  under  the  tamper.  This 
is  the  same  as  assuming  that  &e  soil  under  ttie  tamper  was  compres¬ 
sed  under  the  condition  ox  ik>  lateral  strain.  This  assumption  is  known 
not  to  be  precisely  correct  for  reasons  that  are  discussed  fully  in 
Appendix  F.  The  soil  did  move  out  from  under  the  tamper  but  the  ex¬ 
tent  of  this  movement  was  not  known;  however  it  is  felt  to  be  insig¬ 
nificant  for  several  reasons.  First  the  soil  failed  principally  in  com¬ 
pression  and  only  for  the  samples  with  a  low  initial  void  ratio  was  an 
extrusion  of  material  above  the  level  of  the  container  noted.  This  ex¬ 
trusion  was  in  all  cases  extremely  small  and  just  visible  to  the  naked 
eye.  For  the  saunples  with  an  initial  void  ratio  greater  tiian  1.50,  this 
extrusion  did  not  occur  at  all.  Because  of  the  visual  evidence  of  this 
lack  of  plastic  behavior  at  the  surface,  it  appears  that  the  movement 
of  mass  internally  was  also  small.  If  a  large  degree  of  plastic  be¬ 
havior  had  been  observed,  then  this  assumption  would  be  quite  invalid. 
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St-coarfly.  xBf  ei^ttSissM  &«'  cKwaariaK-r  ^srs^  4be  3«»£3t^  wessld 
£caie  ftaS  Air  smI  wms  vstmnsng  »»i  tfbss  s»»liiB«te  Ac  Jk*** 


Saidb  ^farcSMMCs  =a  <be  vsSs  4be  ocMfiacarr  ■»r€  caJcc- 


Utei 


asiriSboSs  «i  eiks:£ciS|r  Mi  fti 
D  !W  Sess  tfaffi  «Aa<^ 


«£br«i  9i  at*  1  iimf^  w  «tts  te  <— rryK*f  a  vaSm  a(  fte 
*364  »«&»  ftal  -MS  IM  &aw.  TW  avtaS  mass  cdf  &r  sail  «a4er  &e  ttas* 
per  auss  MsusBopi  ta>  r^anaiai  oaesSacrS  wAte*  ca  farl  al  decreased-  Tl>e 
3rae  viSae  ai  Ac  «ai4  xa£e  Aca:  was  Scss  Aaa  Ar  tsSsk  arSoMy  ciaea- 
paiM.  '3^  ^Sitrt»tx  Wtaweca  Aaes  aaSaes  as  'aai  loapaa  tea  t&c  as* 
i—ytu'Bi  was  aasiir  ter  aO  caMpafiateHas  teas  Ac  scSaSwr  errar  assa« 
nates  wtA  aecETartef  ^bsftti  aciii  %c  Bess  Aaa  Ac  ai^9olrute  craar  a»- 
'fMs  assaaoBgOtes  Acs  a«  psHAakiy  Ac  Beast  «a3a4  c5  alS  oi  tie 
%$s«eB=pti8(Bs  rrvaiif  is  Ac  aaaSfns  test  its  ctiiect  ce  Ac  aeSatrre  isspor- 
tai^gc  <oS  Ac  rsssBts  is  ceasiiirre^  sefiifiUc. 

Tiaaac  3>i^tcaiescc 

is  Ae  testSap  pkasc  t&c  assTtimptioa  aas  nadc  Aat  Ae  Tespoi»i 
oi  Ac  £«c3  is  Ae  Boai  was  assossl  iessaadtaaccKs  asd  aot  tiasae  depes'- 
deet.  TMs  assaDB^tBSO  was  ssade  ter  sererai  reas9s».  Tte  ctaaierial 
was  a  fraTsaiar  material  wiA  esscstaalsy  a  scro  water  costest.  Too; 
asd  Warkestlsi  state  S%at  Ae  ctm^yressisa  determatioa  cf  a  ^raifidar 
s<r1  ococtrs  is  a  sli^crt  time  wsereas  Ae  time  depcodesce  of  day  is 
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ooeapiez  dae  to  &e  preseuc*  of  motstcre  ia  the  s<^  (Ref  28:179). 
Soott  stetos  toot  toeze  is  a  littae  depesdeoce  for  sand  b«t  tost  it  is 
9  ite  short.  This  short  time  allows  for  particle  readjostment  caused 
hjr  jwrtide  imbalances  aad  movements  (Ref  22:263).  Gilbop  tested  fte 
compressibility  of  saad-mica  mutares  and  found  that  there  was  no 
time  laf  observed  ie  compression  (Ref  7:S99).  It  was  possible  to 
check  this  assnn^tioa  dvriof  toe  esperimentation.  Oc  Data  Rons  f  13 
sad  15.  the  final  load  ot  approxiinately  60  psi  was  held  on  toe  sample 
at  the  end  of  the  normal  test  and  toe  tamper  «as  checked  for  additional 
movement  every  15  minutes  for  a  total  tince  of  two  hours.  At  ea<h 
reatong  toe  sot^  was  moved  off  of  toe  focusing  point  and  then  realig«' 
ned  to  detect  movement.  There  was  xo  additional  deflection  within 
toe  sensitivity  of  toe  instrument  within  a  lec  hour  period.  The  as-> 
sunqition  toen  seems  valid. 
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Aivendix  F 


Aialysis  of  flie  Boandary  Effects 

Intro«taction 

In  order  to  determine  ttie  magnitude  of  Die  effect  of  flie  boun> 
daries  of  the  container  in  tiie  compression  tests  ftat  were  performed , 
several  tests  were  performed  and  certain  calculations  were  made. 
This  appendix  deals  witti  Biose  attempts.  Some  idea  as  to  &e  impor¬ 
tance  of  Biis  effect  was  necessary  to  insure  that  all  of  tiie  observed 
differences  between  the  atmospheric  and  vacuum  data  was  not  caused 
by  changes  in  die  frictional  properties  of  the  boundaries  alone. 

Frictional  Shear  at  the  Wall 

As  die  normal  load  was  applied  to  the  surface  of  die  soil,  fric¬ 
tional  shear  forces  developed  along  die  interface  of  the  wall  and  the 
soil.  This  shear  force  reduced  the  effective  load  on  the  soil  so  that 
the  actual  load  seen  by  the  soil  was 

.  =  P  Frictional  Shear  Pressure 
act  app 

In  order  to  determine  the  order  of  magnitude  of  this  frictional  shear 
pressure,  several  assumptions  were  made  and  a  very  conservative 
estimate  was  made.  To  be  consistent  with  the  assumption  of  no  lat¬ 
eral  strain,  the  coefficient  of  earth  pressure  at  rest  was  assumed  to 
be  0.30  (Ref  24:140)  and  the  coefficient  of  friction  between  the  soil 
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and  &e  wall  was  assumed  to  be  1.0.  The  pressiire  distrib>*tion  on  ' 
the  sides  of  the  sample  for  a  normal  surface  load  of  60  psi  was  as~ 
sumed  to  be  triangular  with  a  zero  value  at  &e  surface  and  a  maximum 
value  at  the  bottom.  The  normal  force  on  the  wall  was  computed  af. 
the  resultant  of  this  triangular  distribution,  the  frictional  force  was 
then  computed  for  the  restilting  normal  force,  and  the  result  was  in¬ 
tegrated  around  the  perimeter  of  the  container.  Making  'Qiese  asstim- 
ptions  the  frictional  shear  pressure  was  approximately  2%  of  the  ap¬ 
plied  surface  pressure.  This  result  is  consistent  with  the  results  of 
Leonards  and  Giratilt  who  determined  that  the  effect  of  side  friction 
in  a  one  dimensional  consolidometer  was  less  than  6%  of  the  applied 
pressure  for  a  total  pressure  in  excess  of  approximately  14  psi  (Ref 
15:216).  Their  result  however  was  for  a  container  with  a  diameter 
to  height  ratio  of  6  while  the  container  used  in  these  experiments  had 
a  similar  ratio  of  1.33.  HeaJron  also  measured  the  ring  friction  in 
his  experiment  and  found  it  to  be  less  them  5%  (Ref  10:279).  The  con¬ 
clusion  may  be  dra'wm  from  this  calculation,  the  work  of  Leonards 
and  Girault,  and  Hendron  that  the  frictional  shear  force  developed  at 
the  wall  of  the  container  was  less  than  10%  of  the  force  applied  to  the 
surface  of  the  sample. 

Tests 

Tests  were  performed  on  the  Instron  with  several  types  of  con¬ 
tainers  to  determine  the  nature  of  the  soil  beha’/ior  as  it  was  loaded 
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and  the  relative  importance  of  the  boundary  effects  along  the  walls  and 
on  the  bottom.  These  tests  were  run  in  a  steel  container,  a  teflon 
container,  and  a  teflon  container  with  an  aluminium  foil  bottom.  The 
steel  container  was  the  same  as  the  one  used  for  the  vacuum  tests  and 
consequently  represented  the  same  botmdary  conditions  as  were  pre¬ 
sent  in  all  of  die  atmospheric  tests  on  the  chamber  apparatus.  The 
teflon  container  had  the  same  internal  dimensions  as  the  steel  con¬ 
tainer  so  that  the  geometry  of  the  soil  sample  was  not  varied.  With 
the  teflon  container,  the  frictional  resistance  of  the  boundaries  of  the 
container  was  reduced  to  its  lowest  possible  value.  By  addition  of  the 
aluminium  foil  to  the  bottom  of  the  teflon  container,  the  walls  of  the 
container  retained  their  low  frictional  resistance  but  the  bottom  of 
the  container  had  approximately  the  same  frictional  resistance  as 
the  steel  bottom.  By  comparison  of  the  results  of  these  three  tests, 
a  qualitative  determination  of  the  behavior  of  the  soil  in  the  steel  con¬ 
tainer  as  it  was  loaded  could  be  made.  The  results  of  the  tests  for 
the  steel  and  teflon  containers  are  shown  in  Figs.  6  through  10.  The 
conclusions  from  these  results  are  that  the  larger  the  initial  void 
ratio  the  less  the  effects  of  the  boundary  while  for  samples  with  an 
initial  void  ratio  of  less  than  1.20  the  effect  of  the  boundary  was  signi¬ 
ficant.  The  difference  between  these  two  curves  represents  a  change 
in  the  frictional  properties  of  the  walls  and  bottom  of  the  container. 
Such  a  difference  would  only  be  noted  if  the  soil  were  moving  rela- 
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tive  to  eitiier  the  walls  or  tiie  bottom  or  both.  Upon  placing  the  al> 
uminium  foil  in  &e  bottom  of  the  container  Uie  resulting  e-P  curve 
fell  intermediate  to  the  results  of  the  steel  and  Uie  teflon.  Under  Uiis 
condition,  the  frictional  resistance  of  Uie  walls  of  Uie  teflon  container 
was  unchanged  while  Uie  resistance  of  the  bottom  approximated  tiie 
steel  container.  Because  dte  results  fell  intermediate  to  tiie  two  pre¬ 
vious  tests,  the  conclusion  may  be  drawn  that  in  the  tests  wiUi  Uie 
teflon  container,  the  soil  was  moving  relative  to  die  walls  and  die 
bottom.  The  predominance  of  one  over  die  other  could  not  be  deter¬ 
mined.  With  the  steel  container  it  was  not  apparent  whether  the  soil 
was  in  motion  at  the  boxmdaries  or  not.  The  only  conclusive  statement 
that  can  be  made  is  diat  the  steel  container  caused  a  higher  frictional 
response  at  die  boundaries  than  the  teflon  caused.  Whether  this  in¬ 
crease  in  friction  was  significant  enough  to  prevent  grain  movement 
is  not  known,  although  it  is  felt  that  some  movement  did  occur  in  die 
steel  container.  From  the  results  of  these  tests  the  flow  pattern  of 
the  soil  in  the  steel  container  tested  at  atmospheric  pressure  is  as¬ 
sumed  to  be  a  shown  in  Fig.  38.  A  seniiquantitative  idea  of  the  de¬ 
gree  of  change  of  the  frictional  resistance  between  die  steel  and  the 
teflon  container  was  obtained  from  the  work  of  two  other  reports. 

Mohr  and  Karafiath  measured  the  coefficient  of  friction  of  basalt  pow¬ 
ders  on  the  38-62  micron  size  range  with  1020  steel  and  obtained  a 
value  of  0.25  (Ref  17:14).  Bowers,  Clinton  and  Zisman  researched 
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fte  frictioml  prc^wrties  ef  tefUm  and  fouid  &e  coefficaeni  of  frictioii 

for  steel  sliding  at  low  speeds  on  teflon  to  be  0.15  (Ref  2:136).  Tbe 

ratio  of  these  mines  is 

g  (basalt  on  steel) 
g  (steel  on  tefloi^  * 

Tbns  the  change  in  the  frictional  response  of  Ae  teinn  and  the  steel 
containers  represents  a  duu^  of  die  fricdonal  characteristics  of  flie 
bonndaries  by  a  factor  of  abont  1.50. 

Correction  of  Vacuom  Data 

The  intended  pnrpose  of  diese  above-discnssed  tests  was  to  de¬ 
termine  an  iq^r  limit  of  flie  effects  of  die  boundazies  of  die  container 
as  die  environment  was  changed  from  atmospheric  pressure  to  10'~^^ 
Torr.  Acceptii^  the  flow  pattern  of  die  soil  as  shown  in  Fig.  38,  it 
would  be  essentially  the  same  for  mccum  except  that  the  frictional 
resistance  of  die  boundaries  would  have  increased  even  further.  It 
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coold  be  tint  moeemeat  did  aot  occnr  elof  eiflaer  boundary  because 
of  die  increase  or  moeemeat  su^t  bare  occored  bat  bad  been  snore 
restricted.  Tbe  increased  fricfioaal  resistance  of  fte  wall  isitro* 
dnced  a  larger  error  in  die  calcolatioa  and  should  be  corrected  for. 
Tbe  increased  resistance  of  die  bottom  is  be^ifal  becaose  dds  re> 
stricts  tbe  s<ril  movement  in  that  region  and  diere  is  less  transfer  of 
mass  oat  from  onder  tbe  tasiqier  olddi  improves  die  assumption  of  no 
lateral  strain.  Tbe  effect  of  the  vacoom  then  by  changing  the  frictional 
dmiacterisdcs  of  die  wall  has  compensating  effects:  hooever,  the  in- 
dividual  snagmtode  of  diese  effects  is  not  Imown. 

Mohr  and  Karafiadi  performed  some  eiqieriments  in  air  and  in 
vacumn  oidi  basalt  ponders  and  steel  to  determine  flie  effect  of  die 
vacoom  on  die  coefficient  of  friction  between  the  basalt  and  the  steel 
(Ref  17).  They  used  basalt  powders  in  die  38-62  micron  range  on  a 
1920  steel  and  performed  dieir  vacncm  tests  in  the  10**^^  Torr  range. 
Thus  all  of  their  work  dealt  with  essentially  the  same  materials  in 
the  same  type  of  environment  as  die  experiments  of  diis  report.  The 
result  of  their  work  was  the  ratio 

=  1.50  (Ref  17:19) 
Consequently  the  change  in  the  frictional  characteristics  of  the  basalt 
on  steel  with  the  change  in  environment  is  about  1.50. 

A  direct  way  to  interpret  the  results  of  the  tests  on  the  Instron 
and  ai^ly  those  results  to  die  vacuum  tests  was  n<.>t  available.  Since 


u  (basal*  on  steel  in  vacuum) 
u  (basalt  on  steel  in  air) 
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tiie  effect  of  the  vacuum  was  to  produce  compensating  effects  at  the 
boundary  and  since  die  corresponding  ratios  of  the  steel-teflon  in  air 
tests  and  the  work  of  Mohr  and  Karafiadi  are  the  same,  the  vacuum 
data  was  corrected  by  the  same  amount  as  the  difference  that  resulted 
between  die  steel-teflon  in  air  tests.  This  correction  is  felt  to  be 
quite  conservative  and  more  than  compensates  for  the  effects  of  the 
boundaries  in  the  vacuum  tests.  The  remaining  difference  that  exists 
between  the  curves  in  Figs.  6  through  10  can  be  attributed  to  an  in¬ 
crease  in  die  internal  friction  of  die  soil  mass  and  the  soil  cohesion 
and  hence  to  a  decrease  in  the  compressibility  of  the  soil. 


148 


GSF/MC/69-4 


Personally  Identifiable 
Information  Redacted 

Vita 


a  Bachelor  of  Science  degree  from  the  United  States  Military 
Academy  in  June  1964.  At  that  time  he  was  commissioned  as  a  2nd 
Lieutenant  in  the  U.S.  Army  Corps  of  Engineers  and  was  assigned 
to  the  loth  Engineer  Battalion  in  Kitzigen,  West  Germany.  In  June 
1966  he  was  assigned  to  the  I68th  Combat  Engineer  Battalion  in  the 
Republic  of  Vietnam  where  he  served  as  an  engineer  company  com¬ 
mander  until  reassignment  at  the  Air  Force  Institute  of  Technology 
in  the  Graduate  Space  Facilities  program  in  June  1967. 


Permanent  address; 


DOCUMENT  control  DaTA  -  R  &  0 

ft**f  »Ht*  At$**n  of  TUtr.  «'f  ^N*lro«  <  .^4^  4«jr  t^s  -•  rut^KiS  «rV*«  o^t—V  t^p^t  i.  rj^-  •ili«^} 


OMlviH41tMW  AC  1 1 VI  IT  |i  4*^»#4ir#  «wf7tar)  *»^f«irO»«T  SCCUNItT  CCA&'M»  SC  A  1  lOV* 

Air  Force  Institute  of  Technology  (AFIT-SE)  |  Pnclassified _ 

Wright-Pattcrson  AFB,  Ohio  45433 


3  •ICPPUT  TlTuC 


Compressibility  of  Simiilated  Lunar  Soils  in  Air  a«H  in  Ultrahig^  Vacuum 


«  OCtCniVTivc  HOT€%  (TtP*  •!  rrpatl  a0^^  lixtutlr* 

AFIT  Thesis 


9  auTmOAis*  nMi#«  miMm  Mlftef«  im»t  mnm9} 

Dwayne  G.  Lee 
Captain  CE 


4-  WKFOMT  &ATe 


June  1969 


7A.  total  no.  oaocs  ps.  MO.  or  Ncrs 


ONIOIMATON*S  NCrONT  muMOLNISI 


GSF/MC/69-4 


.  OTHCN  NCOOOT  MOCfl  (Amf  i 
lOfr  W0F^} 


'  hm  — AljAtrf 


oisTiiisuTioN  sT4Tr.ucMTjj|is  documeut  is  subject  to  special  ejqport  controls  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  wi&  prior  approval  of 
the  Dean  of  Engineering,  Air  Force  Institute  of  Technology  (AFIT-SE),  Wright- 
Patterson  AFB.  Ohio  45433 


It.  SUrrcCMCNTAOV  NOTCS 


«a.  SOONaOlliMO  MlClTAHrV  ACTIVITY 


13.  AOtTNACT 


A  simulated  lunar  soil  of  comminuted  tholeiitic  basalt  n-'wder  with  particles 
less  than  60  microns  in  size  was  tested  in  one  dimensional  compression  to  determine 
the  effect  of  the  initial  void  ratio  and  the  ambient  pressure  on  the  compressibility  of 
the  soil.  The  initial  void  ratio  ranged  from  1.1  Z  to  2.00  and  the  ambient  pressure 
was  restricted  to  three  levels;  atmospheric  pressure.  10“*  Torr,  and  lO”*®  Torr. 
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